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 Advances in printing-based assembly technology enable high volume integration of 
microscale solar cells and afford novel module architectures with attributes not present in 
conventional concentration photovoltaic (CPV) systems. The work contained in this thesis 
highlights efforts and design strategies in the use of micro-optical concentrators for improved 
light management in microcell-based photovoltaic systems.  
Conventional CPV systems have poor optical efficiencies due to their inability to utilize 
diffuse sunlight and Fresnel reflection losses from the multiple optical interfaces. The first part 
of my work addresses these two constraints by 1) integrating form-fitting silicon solar cells on 
commercial III-V based CPV platforms that enable capture of diffuse sunlight and 2) using wet 
etching chemistry to prepare outstanding antireflection coatings that greatly suppress Fresnel 
reflections on highly curved CPV lenses. These efforts provide a viable pathway to achieving 
“zero-loss” CPV platforms with unprecedented ultrahigh module efficiencies.  
Unlike conventional CPV systems, use of external optical components to split the solar 
beam geometrically and redistribute it to an array of subcells that are individually designed and 
optimized represents a new way forward for full solar spectrum conversion. In this work, I 
propose a novel spectrum splitting architecture for high concentration photovoltaics based on 
exploiting the intrinsic dispersion of a lens. The design can simultaneously concentrate and split 
the solar spectrum with a single point focus lens. Simulations along with experimental 
measurements on a mechanically stacked InGaP/GaAs dual junction prototype confirms the 
utility of this approach for ultrahigh optical concentration (>2000X).  
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Instead of using passive geometric optical elements, a luminescent solar concentrator 
(LSC) provides an alternative means of optical concentration by actively absorbing and re-
emitting solar radiation into a planar waveguide via total internal reflection. The last part of this 
thesis describes design rules and strategies for large-scale integration of InGaP solar microcells 
for use in a prototype micro-optical tandem LSC PV module. Embedded quantum dots down-
convert high energy photons into concentrated luminescence which feeds an integrated InGaP 
microcell array while a Si cell is used in tandem to convert the low energy photons. Future 
directions of development on this type of concentrator are discussed and outlined at the end of 
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Chapter 1  
Introduction 
 
1.1 Potential for Solar Energy 
There is more energy striking the Earth’s surface from the Sun in two hours (620 EJ) [1] 
than worldwide energy consumption in the year 2015 from all sources combined (570 EJ) [2]. 
Additionally, unlike other limited resources of non-renewable energy, such as fossil fuels, this 
gigantic radiation flux is carbon-neutral and in compliance with the current public and political 
strive for reducing the adverse effects of global warming. Photovoltaics is a technology that 
directly converts solar radiation to electricity. Despite the enormous availability of the solar 
resources, photovoltaics comprises an extremely small fraction of total worldwide power 
production. For example, in 2017, solar power accounts for a mere 2% of global total electricity 
production [3]. This relatively low level of PV installation is attributable to the relatively high 
cost of electricity generated from solar panels as compared to more traditional sources, such as 
fossil fuels. The cost competitiveness of different technologies can be evaluated through their 
levelized cost of electricity (LCOE), which can be expressed as the lifecycle cost of the system 
divided by the lifetime energy production of the system [4]. LCOE of solar PV has been 
traditionally high, but it saw a dramatic decrease during the past decade due to improvements of 
the technology and economy of scale attributed to the mass production of solar panels by China. 
According to U.S. Energy Information Administration’s predations for 2022, LCOE of solar PV 
is on the order of $0.06 kWh, which is still higher than LCOE of combined-cycle plants ($0.05 
kWh) burning traditional fossil fuels [5]. Further increasing the efficiency beyond the current 
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technologies can increase the lifetime energy production of the system and thus further decrease 
the LCOE of solar PV, making it more accessible to the energy market. The goal of this thesis is 
to investigate new venues, via novel techniques and concepts that are to be discussed in the 
following sections, to improve the module-level efficiencies of PV systems.  
 
1.2 Thermodynamics of Solar Cells 
Solar cells were invented in the 1950’s to convert solar energy directly to electricity [6]. 
The most basic form of it is the single junction cell as described by Shockley and Queisser [7]. 
The cell, which is composed of an absorbing semiconductor material with a bandgap Eg, absorbs 
photons with energy higher than or equal to Eg while being transparent to photons with energy 
lower than Eg. These absorbed photons exchange energy with electrons, promote them onto the 
conduction band and leave behind a hole. These electron-hole pairs are separated by a built-in 
electric field exerted by the p-n junction of the solar cell and swept across the junction as 
minority carriers. These separated carriers thus create a potential, which can do free work to the 
external circuit. But this potential is limited to the bandgap, because excess energy higher than 
the bandgap will dissipate via lattice vibration, a process called thermalization. A reverse 
process, i.e., radiative recombination, can occur, where an exited electron recombines with a hole 
to produce a photon with an energy equivalent to the bandgap. These radiative photons can be 
reabsorbed and reconverted within the same device until they escape from the solar cell. Other 
non-radiative recombination events, such as Shockley-Read-Hall process through trap states and 
Auger process through carrier coupling, are also possible.  
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In a perfect material, the only recombination event is radiative. Given that it is in 
equilibrium with its thermal environment, the radiative/blackbody emission rate given in 





𝑒 / − 1
 (1.1) 
where q is the charge of an electron, h is the Planck’s constant, c is the speed of light, E is the 
photon energy, k is the Boltzmann constant, T is the temperature of the cell. Therefore, in the 
detailed balance condition, the power of a single junction solar cell made of a perfect 
semiconductor material with a bandgap Eg can be approached as  




𝑒 / − 1
 (1.2) 
where s is the solar photon flux density. If s is given as the standard AM1.5G spectrum (ASTM 
G-173, see [8] and [9]), we can survey V and calculate the maximum of power P for a given Eg 
material, and plot the power conversion efficiency against Eg as in Figure 1.1.  
The optimum bandgap for a single junction device is a result of a trade-off between 
photon absorption (I) and carrier potential (V). A smaller bandgap utilizes a larger portion of the 
solar spectrum and generate a higher I, but inherently leads to a lower V. On the other hand, a 
higher bandgap absorbs a smaller portion of the spectrum and results in a lower I and a higher V. 
Therefore, the optimum bandgap lies somewhere in the middle of the spectrum at 1.34 eV, with 
an efficiency of 33.7%. Note that Si (1.1 eV) and GaAs (1.4 eV) materials correspond roughly to 
two local efficiency maximums of 32.9% and 33.4%, both every close to the global maximum. 
These two materials, therefore, are widely studied in the solar cell community and, after years of 




1.3 Operations of Solar Cells  
In the discussion of their thermodynamics, solar cells are treated as heat engines to 
elucidate its intrinsic property. For practical reasons, solar cells are most often analyzed at a 
circuit level, where its operation can be understood as a photodiode with a representative I-V 
curve as shown in Figure 1.2.  
The current of the solar cell is composed of two components: a diode current and a 
photocurrent, as expressed in the following equation:  
 𝐽 = 𝐽 𝑒 / − 1 − 𝐽  (1.3) 
where J0 is the dark satiation current that is characteristic of the junction, m is the ideality factor 
that dictates how well the junction approaches an ideal Shockley diode (m=1), Jsc is the short-
circuit current. The dark satiation current stems from the random generation of excitons within 
the depletion region of the device, and ideality factor m is strongly correlated with the non-
radiative recombination rate of the device [12]. As a result, the diode current term is strongly 
dependent on the material quality. On the other hand, photocurrent represents the total number of 
free carriers generated from the photon flux and is also strongly correlated with material quality. 
With the advance in material engineering, certain solar cell materials, such as Si, GaAs and 
InGaP, can be made with near perfect quality; as a result, further raising the solar cell efficiency 
by maximizing the current term proves very difficult for well-established materials.  
Voltage is a dependent variable, but open-circuit voltage (Voc) deserves special attention 
because it characterizes how well the cell stores and output electrochemical energy. People used 
to think that high Voc follows automatically from good material quality. Although this is partly 
true, but it is also a function of the external optical environment and it represents a key factor 
guiding future development for efficiency improvement.  
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Photons have entropy; a poor management of which will result in a significant drop in 

















+ ln(4𝑛 ) − ln(𝑄𝐸)  (1.4) 
where Tcell and Tsun are the temperature of the cell and the sun, respectively, Ωemit and Ωsun are the 
radiation solid angles extended by the cell and the sun, respectively, n is the refractive index of 
the cell material and QE is the quantum efficiency of the cell. The first term on the right of the 
equation stems from the intrinsic thermodynamic loss based on Carnot’s theorem. If reciprocity 
of emission and absorption is also considered, this intrinsic loss accounts for roughly 12% of the 
total bandgap potential. Inside the square bracket of the equation, we find three entropy related 
terms. The first term is associated with the loss of directivity information. Sunlight comes in a 
very small angular spread (Ωsun), while at equilibrium the cell emits thermal photons at full 
hemisphere (Ωemit). This angular difference in absorption and emission results in up to 0.3 V of 
Voc drop. Increasing the optical intensity of the system (C) can partially remedy this loss—this 
can be done by using external optical elements to focus the solar beam on to the solar cell with a 
much smaller area. The next term is the famous 4n2 factor that relates to the light trapping 
efficiency of the solar cell. Incorporation of external photonic apparatus or simply making the 
device surfaces rough can significantly enhance light-trapping and avoid as much as 0.1 V of Voc 
drop. The last entropy loss term, quantum efficiency (QE), accounts for loss in Voc due to non-
radiative processes. Nowadays materials quality has been improved to such a point that this term 
can be treated negligible. Proper light management, therefore, is critical to reducing photon 
entropy loss and raising Voc up to its thermodynamic limit.   
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Fill factor (FF) describes how well energy can be extracted from the solar cell circuit. It 
is the ratio between J•V at the maximum power point and Jsc•Voc. Record solar cells with high 
quality junctions and low parasitic resistance show FF up to 89% [14].  
 
1.4 Multijunction Solar Cells and Concentration Photovoltaics 
Single-junction flat-plate solar cells are the most widely deployed solar cells in field. 
Although they have been expanding dramatically for the past decade, this form of solar cells 
presents a few drawbacks. As has been describe above, a lack of external optical constructs 
results in significant entropy loss in flat-plate solar cells. More significantly, they suffer from 
energy loss due to inefficient use of the solar spectrum. For instance, if a photon’s energy is 
higher than the material bandgap (hv > Eg), the excess energy will be lost via thermalization. On 
the other hand, if the photon energy is lower than the bandgap, the photon is not going to be 
absorbed at all. Figure 1.3 details the major thermodynamic losses in this type of solar cell, 
where inefficient use of spectrum represents the single biggest loss mechanism.  
As a result, there is a strong interest in employing multiple bandgaps for broad spectrum 
absorption and reduced thermalization losses. Multijunction (MJ) solar cells, herein, come into 
play; they are essentially III-V materials grown by metal-organic chemical vapor deposition 
(MOCVD) method. By depositing lattice-compatible materials with different doping chemistry, 
different junctions can be grown in one monolithic stack; these monolithic stacks can be further 
stacked together with wafer-bonding or mechanical stack techniques. Current state-of-the-art 
includes a 5-junction direct bonded cell with one-sun record efficiency up to 38.8% [15].  
Although multijunction solar cell promises enormous potential for further efficiency 
improvement, they are too expansive to be deployed as a flat-plate manner for terrestrial 
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application. A practical solution is to couple them with concentration optics to reduce use of 
semiconductor materials. Figure 1.4 shows the schematic of a typical concentration photovoltaic 
(CPV) system. It consists of a two-stage optical system: a primary optic for light concentration 
and a secondary optic for reducing chromatic aberration, increasing alignment tolerance and 
improving irradiance uniformity on the cell. Other optical designs are possible, including the use 
of compound parabolic concentrators [16, 17], light funnels [18, 19] and Fresnel lenses [20, 21]. 
By coupling MJ solar cells with concentrator optics, energy losses and entropy losses of 
the PV system can be minimized simultaneously. According to the detailed balance analysis, a 
solar cell with infinite number of junctions operated at the maximum concentration ratio 
(46,000X) has an upper limit of efficiency up to 87% [22]. While it is impractical for a solar cell 
to have infinite number of junctions and operate at an optical environment equivalent to tens of 
thousands of one-sun irradiance, ultrahigh efficiencies have been established using this concept, 
including a 46% 4J record cell (GaInP/GaAs//GaInAsP/GaInAs) measured at a 508X condition 
[23]. Although MJ CPV system represents the most realistic pathway to achieving the 50% 
milestone [24], it requires very careful design considerations because of the complexity of optics 
and the sophistication of solar cell structures required for operation at a high optical/thermal 
environment. Most important of all, acceptance angles in high concentration PV system is very 
small. Not only because of the imperfection of the optics, but more fundamentally, it is restrained 
by the law of conservation of etendu, as shown in Figure 1.5. The upper limit of acceptance 
angles of CPV systems decreases dramatically as the solar concentration ratio increases. At 500 
suns, the concentrator can only “see” the direct sunlight. Therefore, a precise mechanical solar 
tracking system is needed for CPV systems, which sometimes represents as a significant 
technology burden.  
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1.5 Transfer Printing and Printable Inorganic Electronics 
With great ambition about solar, the question turns to how we can create appropriate 
materials for it, especially in the case of hetero-integration of materials required for module-level 
assembly. Transfer printing of high quality inorganic solar cells might provide an answer.  
Transfer printing is a technique by which an elastomeric stamp is used to transfer 
electronic elements from a donor wafer to a receiving substrate. The stamp is most typically 
made of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) via cast molding, with 
micro-sized protrusion tailored for the device to be printed. Then the stamp is brought into 
conformal contact with the electronic element in a step and repeat process and disperses the 
device on the receiving substrate via van der Waals interaction or forming chemical bonds 
between the device and the substrate assisted by an adhesive. Competing modes of fracture have 
been systematically studied by past reports [25, 26], showing that the adhesion between 
electronic elements and the viscoelastic stamp can be kinetically controlled. For example, in an 
adhesiveless operation, if a PDMS stamp is put in contact with an ink and a high peeling rate is 
applied, the ink will adhere to the stamp; once the “inked” stamp is brought in contact with a 
receiving substrate, a low peeling rate will separate the ink from the stamp and leave it on the 
substrate. In actual practice, a tacky adhesive [27] or surface functionalization for covalent 
bonding [28-30] is used to facilitate the ink release kinetics.  
To prepare printable inks, release techniques, such as buried oxide [31], anisotropic etch 
[32] and epitaxial liftoff [33], are used to undercut devices from the donor wafers. Anchoring 
tethers microfabricated on the source wafer are needed to hold the inks in place. They are either 
in the form of photoresist posts or monolithic tethers, both designed with stress focusing 
structures for controlled fracture [34].  
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1.6 Solar Microcells for CPV 
 As discussed in Chapter 1.4, PV systems based on MJ cells in conjunction with 
concentrator optics are the most promising technology that could potentially yield high 
efficiency and cost effectiveness for terrestrial solar power generation. Traditional cells for CPV 
tend to be macroscopic in size. Even for lab cells operating at hundreds of suns, the dimensions 
are still on the order of millimeters [14]. Microcells, however, present a portfolio of unique 
properties and advantages over traditional macroscopic cells and attract a good body of 
researchers, both academic and commercial, to investigate their utility for use in unconventional 
CPV modules. 
Miniaturization of devices offers a few distinct advantages, including more efficient 
materials utilization and accessible to more robust integration schemes. More cells can be 
processed in one full size wafer using standard microfabrication techniques, and they employ 
certain release mechanism so that the donor substrate is not fully consumed during transfer 
assembly and can be reused multiple times. Microcells are compatible with most existing 
microfabrication tools such that state-of-the-art cleanroom technologies can be employed to 
better process microcells. For example, thin film metallization, instead of much less reliable 
wire-bonding, can be used to electrically integrate microcells. Thermal management is one of the 
limiting factor plaguing traditional CPV cells; microcells facilitate distributed heat dissipation, 
making active heat sinks unnecessary. Additionally, microcells are mechanically flexible, 
lightweight and have a smaller footprint, offering opportunities for novel applications with 
unconventional form factors.  
Of course, the use of microcells has its own potential drawbacks. Without proper surface 
and sidewall passivation, shrinking the cell size leads to higher surface-area-to-volume-ratio, 
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which could potentially increase the recombination events on the cell boundaries [35]. Reports 
have shown that surface passivation using organic molecules, hard dialectics and inorganic 
compounds is effective in suppressing undesired surface recombination. On the other hand, 
working in high concentration environments, the microcells can potentially operate in the high-
carrier injection limit—in this case the primary recombination event becomes Auger, and 
sidewall recombination becomes negligible in comparison. For this reason, peripheral 
recombination of microcells would not be an unsurpassable hurdle to their use in CPV.  
The use of microcells in CPV systems also enables more advanced designs for 
concentrator optics. In a typical concentration system based on point-focus geometric lenses, 
smaller cell size makes shorter optical path and permits the use of a low-profile module with 
reduced wind loading and costs of enclosure material and shipping [36]. Microcells also make 
certain CPV optics based on active concentration schemes more desirable. This is manifest in 
their role in a tandem luminescent concentrator PV system, where an array of microcells, rather 
than macroscopic cells attached to the waveguide sidewalls, is used to convert the waveguided 
luminescence—discussion of this type of concentrator can be found in Chapter 5 in this thesis.  
 
1.7 Overview of the Thesis 
 This Chapter is just a brief introduction of photovoltaics, with emphasis on subjects 
related to concentrated photovoltaics. Chapter 2 demonstrates a novel microcell-based CPV 
architecture with added capability to capture diffuse sunlight. Design rules for integration and 
optical coupling are also discussed in detail. Chapter 3 presents a wet etching method for CPV 
glass optics that can potentially reduce Fresnel reflection loss to zero. Chapter 4 proposes and 
examines a solar concentrator based on the dispersion of a point-focus lens. A two junction four 
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terminal mechanically stacked InGaP/GaAs microcell device is prepared to validate the proof of 
concept. Chapter 5 introduces a tandem luminescent solar concentrator system that provides a 
high-efficiency low-cost flat-plate alternative to traditional Si solar panels. Fabrication and bus-
level interconnection strategies for a prototype InGaP microcell array with custom design 









1.8 Figures  
 











Figure 1.3 Bar chart detailing the major thermodynamic losses in single-junction flat-plate solar 
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Chapter 2  
CPV+ Architectures for Capture of Full Global Solar Radiation 
 
The majority of the text and figures presented in this chapter is reproduced with 
permission from the publication: Lee, K.-T., Yao, Y., He, J., Fisher, B., Sheng, X., Lumb, M., 
Xu, L., Anderson, M.A., Scheiman, D., Han, S., Kang, Y., Gumus, A., Bahabry, R.R., Lee, J.W., 
Paik, U., Bronstein, N.D., Alivisatos, A.P., Meitl, M., Burroughs, S., Hussain, M.M., Lee, J.C., 
Nuzzo, R.G., and Rogers, J.A. Concentrator Photovoltaic Module Architectures with Capabilities 
for Capture and Conversion of Full Global Solar Radiation. Proceedings of the National 
Academy of Sciences 2016 113(51), pp. E8210-E8218.  
 
2.1 Abstract 
Emerging classes of concentrator photovoltaic (CPV) modules reach efficiencies that are 
far greater than those of even the highest performance flat plate PV technologies, with 
architectures that have the potential to provide the lowest cost of energy in locations with high 
direct normal irradiance (DNI). A disadvantage is their inability to effectively utilize diffuse 
sunlight, thereby constraining widespread geographic deployment and limiting performance even 
under the most favorable DNI conditions. This study introduces a module design that integrates 
capabilities in flat plate PV directly with the most sophisticated CPV technologies, for capture of 
both direct and diffuse sunlight, thereby achieving unmatched efficiency in PV conversion of the 
global solar radiation. Specific examples of this scheme exploit commodity silicon (Si) cells 
integrated with two different CPV module designs, where they capture light that is not efficiently 
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directed by the concentrator optics onto large-scale arrays of miniature multi-junction (MJ) solar 
cells that use advanced III-V semiconductor technologies. In this CPV+ scheme (“+” denotes the 
addition of diffuse collector), the Si and MJ cells operate independently on indirect and direct 
solar radiation, respectively. On-sun experimental studies of CPV+ modules at latitudes of 
35.9886° N (Durham, NC), 40.1125° N (Bondville, IL) and 38.9072° N (Washington DC) show 
improvements in absolute module efficiencies of between 1.02 to 8.45% over values obtained 
using otherwise similar CPV modules, depending on weather conditions. These concepts have 
the potential to expand the geographic reach and improve the cost effectiveness of the highest 
efficiency forms of PV power generation. 
 
2.2 Introduction 
The levelized cost of electricity (LCOE) is a primary metric that defines the economic 
competitiveness of photovoltaic (PV) approaches to electrical power generation [1]. As the 
performance of the highest efficiency single-junction flat plate PV modules begins to reach 
theoretical limits, research toward cost reductions in such technologies shifts from performance to 
topics related to materials utilization and manufacturing [2-5]. By contrast, the efficiencies of 
multi-junction (MJ) solar cells based on III-V compound semiconductors continue to improve 
steadily, at a rate of ~1% per year over the last fifteen years, due largely to progress in epitaxial 
growth processes, mechanical stacking techniques and microassembly methods for adding 
junctions that further maximize light absorption and minimize carrier thermalization losses [6-20]. 
Record MJ cell efficiencies now approach ~46.0%, with realistic pathways to the 50% milestone 
[5]. For economic deployment, however, the sophistication and associated costs of these cells 
demand the use of lenses, curved mirrors or other forms of optics in conjunction with a mechanical 
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tracker to geometrically concentrate incident direct sunlight in a manner that maximizes cell 
utilization [21, 22]. One commercial technology of interest uses a two-stage optical concentrating 
system that consists of an array of aspheric primary lenses and ball lenses interfaced to arrays of 
ultrathin, triple junction (3J) III-V cells with sub-millimeter lateral dimensions formed by 
lithographic processes and epitaxial liftoff [23-25]. Here, transfer printing enables high volume 
manufacturing and assembly of cells with these small dimensions [26-32]. The ball lenses, as 
secondary optics, improve manufacturing tolerances, produce uniform irradiation profiles on the 
cells by correcting for chromatic aberration, and expand the acceptance angle to nearly ±1° even 
at concentration ratios of >1000 [22]. The compact sizes and weights of the resulting high 
concentrator PV (HCPV) modules facilitate transport and installation and enable use of mechanical 
trackers with cost effective designs. Production systems exhibit efficiencies of 35.5% at 
concentration ratios >1000x under Concentrator Standard Test Conditions (CSTC) [33]. 
Terrestrial use of these, and other, types of HCPV technologies is most economically 
attractive in geographic locations with high levels of direct normal irradiance (DNI) (e.g., >6 
kWh/m2/day). Typical sites in the United States include California, Arizona and New Mexico [34]. 
Limitations follow from the inability to utilize non-direct (i.e., diffuse) sunlight due to their narrow 
acceptance angles, as dictated by the étendue conservation law (e.g., with a passive concentrator 
operating at a concentration ratio of 1,000, the acceptance angle is theoretically limited to 1.8°) 
[35]. Even in locations such as Tucson (17% diffuse) and Daggett (20% diffuse) that have 
exceptionally high DNI, the enhancements associated with capture and conversion of diffuse 
illumination can be significant. In other locations such as San Francisco (29.6% diffuse) and 
Portland (39.2% diffuse), operation under diffuse light becomes even more essential to the 
economics. Engineering solutions to this challenge have the potential to expand the application of 
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concentrator systems to areas where they have previously been uncompetitive [36, 37]. Figure 2.1 
presents estimates for the absolute increases in efficiency that can be expected in these locations 
[36]. As a perspective on the significance, calculations using detailed balance predict that the 
efficiency enhancements enabled by adding a diffuse collector with an optimized bandgap can 
exceed those provided by a replacement of 4J cells with 5J alternatives under standard AM 1.5G 
spectrum (10% diffuse) (see Figure 2.2). The ability to utilize diffuse sunlight also makes CPV 
less susceptible to soiling issues, as the scattered (by soiling) direct beam rays, which are not 
concentrated onto the high efficiency MJ cells (ranges from 2-10% depending on locations and 
weather conditions, see Figure 2.3), can be captured by the diffuse collectors. As a first attempt to 
capture diffuse light, a recent report introduced a prototype mini-module device built on a 
conventional CPV platform through the addition of silicon (Si) cells with arrays of circular holes 
to allow passage of focused light onto underlying MJ cells [37]. This demonstration, however, 
involved concentration ratios (<500X) that are too low to be economically viable, and standard 
cells and single-stage optical components that pose significant challenges in thermal management, 
efficient/accurate tracking and manufacturing tolerances. The two advanced CPV technologies 
examined here avoid these and other key limitations, thereby providing the basis for a realistic, 
competitive approach to photovoltaic power generation.  
The work reported here examines advanced modes of implementation and detailed 
analysis in the context of the most advanced commercially available HCPV module, designed for 
utility scale power generation in solar farms, as described above, and of a previously unpublished, 
ultrathin design, configured for use on rooftops and in space applications. Specifically, the 
following results experimentally and theoretically examine schemes that incorporate capabilities 
in diffuse light capture into these two types of module architectures. The version that uses the 
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HCPV technology outlined above exploits laser-cut strips of conventional Si cells, without 
machined holes, mounted in a form-fitting manner onto the module backplanes. These systems 
offer economically viable concentration ratios, (>1000x) with advanced micro-scale cells for 
improved thermal management, and dual-stage optics for efficient/accurate tracking and 
manufacturing tolerances. (In the following, we refer to this module architecture as HCPV+-DS, 
where the ‘+’ refers to capabilities in diffuse light capture and DS to the dual-stage optics). The 
other architecture employs a compact design optimized for diffuse light capture, where MJ cells 
on a transparent substrate stack directly onto an unmodified commodity Si cell. These components 
couple to an overlying thin plano-convex (PCX) lens array, enabling an exceptionally low-profile 
module (<5 mm in total thickness) suitable for deployment in space-restricted areas (e.g., rooftops) 
or in applications where weight is a primary concern (e.g., portable systems, or space applications). 
(In the following, we refer to this module architecture as CPV+-LP, where the LP refers to low-
profile optics and the absence of H refers to the modest concentration ratios.) As compared to 
conventional designs, the CPV+-LP architecture offers additional cost advantages because its ultra-
compact size and light-weight design significantly reduce both installation/transportation expenses 
and the steel required for the mechanical tracker. 
The economic rationale for both of these designs rests on the fact that ~80% of the cost of 
energy from flat plate PV technology comes from non-cell related balance-of-module and balance-
of-system (BOS) cost associated with land, transport, installation and maintenance (i.e., the 
turnkey cost in Q4-2015 of a utility scale plant with tracking is $1.54/Wdc and the cost of the Si 
cells is $0.33/W) [2, 38]. As a result, the addition of the Si cells to an otherwise well-designed 
CPV platform can represent an incremental cost, justified by the improved performance and 
consistency of output. Specifically, at current market prices, the cost of the Si cells (i.e., without 
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enclosure, package, inverter, BOS cost, etc.) in a conventional flat plate PV system corresponds to 
~15% of the LCOE for that system [1, 38]. Assuming that the CPV technology used in this work 
is economically competitive with Si flat plate in regions of moderate to high DNI [39], the cost for 
adding Si cells to CPV is approximately only 7.5% of the LCOE, since the output per unit area of 
a Si module is roughly one half that for a corresponding CPV module. The economic case for the 
CPV+ concept follows from comparison of the marginal cost of adding the Si (7.5%) to the benefit 
in terms of additional energy generated. Experimental results reported here suggest that the 
addition of Si cells to CPV modules increases the overall energy production by roughly 10% even 
in regions of the United States with the most abundant direct solar radiation resources (diffuse 
component ≈ 20%, assuming the Si cell efficiency is ~50% of the CPV module), thereby 
supporting the potential for an overall reduction in the LCOE. Current trends in reductions in the 
costs of Si cells and increases in the efficiencies of III-V cells could make such CPV+ architectures 
even more attractive in the future.  
The CPV+ concept also yields significant increases in power per unit area, relevant for all 
applications: from deployment in regions of high DNI where ~20% of the solar resource is in the 
form of diffuse light, to markets with constrained rooftop space, and to geographic domains with 
modest DNI. Outdoor field testing of HCPV+-DS and CPV+-LP modules, as described in detail 
subsequently, shows absolute increases in efficiencies of between 1.02 to 8.45% at a latitude of 
35.9886° N (Durham, North Carolina), 1.97 to 6.06% at a latitude of 40.1125° N (Bondville, 
Illinois) and 6.18% at a latitude of 38.9072° N (Washington DC) in typical weather conditions in 
the Spring, Summer and Fall months. An additional advantage of these systems is that the large 
numbers of cells in the platforms provide flexibility in matching their electrical outputs to yield 
standardized two terminal module interfaces [40]. 
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2.3 Results and Discussion 
Figure 2.4(A) shows a schematic illustration of the working principles of the HCPV+-DS 
design. Two-stage optics (i.e., a primary high concentration, (HC), inward-facing array of PCX 
lenses on a front panel and a collection of secondary ball lenses mounted directly onto the 3J cells) 
concentrate direct sunlight (1000x) onto the 3J cells (InGaP/GaAs/InGaAsNSb, 
1.9eV/1.4eV/1.0eV). Adjacent Si cells collect diffuse sunlight, which cannot be captured 
effectively by the concentrating optics. These Si cells are laser cut from larger, commercially 
available cells (interdigitated back contact (IBC); A3000, SunPower Corp) to sizes that fit the areas 
between the 3J cells, as illustrated in Figure 2.4(B). Representative I-V characteristics from the 
unmodified HCPV module measured under flash test conditions (1000 W·m-2, Tcell = 25 ºC) and 
from an interconnected array of laser-cut Si cells under sun exposure outdoors (950 W·m-2, 
measured without the primary lens) appear in Figure 2.4(C). The module shows an open-circuit 
voltage (Voc) of 105.2 V, a short-circuit current (Isc) of 1.09 A and an energy conversion efficiency 
(η) of 34.0%. The array of Si cells has a Voc of 57.8 V, an Isc of 0.816 A and a η of 18.5%. 
Photographs of the module backplane before and after integrating the Si cells are in Figure 2.4(D-
E): the complete HCPV+-DS module consists of 660 3J cells (600 µm × 600 µm, inter cell spacing: 
20 mm) and 93 Si cells (16.1 mm × 127 mm) with a full HCPV aperture area of 0.264 m2 and total 
Si cell area of 0.190 m2. These components mount in a white powder coated steel enclosure (636 
mm × 476 mm × 68 mm) with a polymer encapsulated copper backplane. The Si cells, 
interconnected in series without bypass diodes, cover 72% of the available backplane area. These 
components bond onto a white plastic insulating substrate for mechanical support and for ease of 
integration into the overall housing.  
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The CPV+-LP embodiment provides complementary capabilities and illustrates the 
versatility of the overall concepts. Here, an array of 3J cells mount on a transparent substrate with 
a form factor (~100 mm ⅹ 100 mm) designed to match that of commodity Si cells, without 
modification (Maxeon, SunPower Corp, η = 20% under one sun). Stacking these two sub-systems 
and integrating a corresponding set of single-stage low concentration (LC) optics yields a complete 
module in which direct sunlight focuses onto the array of microcells while the diffuse light strikes 
the unmodified, underlying Si cell as illustrated in Figure 2.5(A). In an example shown here, the 
optics consist of an array of glass LC outward-facing PCX aspheres (18x) with thickness of 2.5 
mm and focal length of 1 mm, in a hexagonal array with 3 mm pitch. The entire stack, as shown 
in Figure 2.5(B), provides for a low profile module with a thickness that is less than 5 mm and a 
Si cell coverage that approaches ~100% (96% after taking the shading by the 3J cells into account). 
Characteristic I-V performance curves for the array of 3J cells and the Si cell appear in Figure 
2.5(C). These data correspond to simultaneous measurements from a single module on a tracker 
during an outdoor field test in Washington DC under partly cloudy skies on March 3, 2016 (GNI 
= 1053.0 W m-2, DNI = 682.2 W m-2). The 3J cell array operates at high voltage (Voc = 87.0 V) 
and low current (Isc = 21.9 mA), due to an electrical configuration of 34 parallel-connected strings 
of 30 series connected cells, each of which generates over 3 V under CSTC. The Si cell yields 
correspondingly higher currents (Isc = 740 mA) and lower voltages (Voc = 0.631 V). Figure 2.5(D-
E) present optical images of the assembled device before and after integrating with the underlying 
Si cell without a top LC outward-facing PCX lens array. Inset images show a cell arrangement and 
an interconnection scheme. 
Diffuse solar radiation has a wide angular spread and follows a broad range of beam 
trajectories through the concentrating optics. As the angular distribution of diffuse irradiance can 
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vary with meteorological conditions, the calculations presented here assume a Lambertian 
distribution. For the front lens arrays in both module architectures, the transmittance of light 
incident at various incidence angles (θ) can be simulated by ray tracing (LightTools®). Results for 
the primary, inward-facing HC PCX lens array in the HCPV-DS module (f/# = focal length/ lens 
diameter = 3) appear in Figure 2.6(A). At incidence angles greater than 30°, the transmittance 
suffers from total internal reflection (TIR) within the array, as highlighted by calculations that do 
not consider Fresnel reflection losses (black curves in Figure 2.6(A); see Figure 2.7 for ray path 
illustrations). These losses (both TIR and Fresnel) continue to increase as the incidence angle 
increases. Similar trends appear in simulations for the outward-facing LC PCX lens array for the 
CPV-LP module (f/# = 2.3, see Figure 2.8). 
The averaged transmittance of diffuse light through a PCX lens unit in either module 
design is also related to its focusing power. As shown by the simulated results in Figure 2.6(B) and 
Figure 2.8(B), larger values of f/# (i.e., a smaller focusing power) lead to higher transmittance due 
to reduced TIR losses within the PCX lens, while the Fresnel losses (difference between the red 
and black curves) remain nearly constant. The f/# also influences the irradiance distribution on the 
focal plane, as shown by the calculated results in Figure 2.6(C) and Figure 2.8(C). The spatial 
uniformity of these irradiance profiles can be defined by their root mean square deviation (RMSD), 
according to: 





− 1  (2.1) 
where Ii is the irradiance of a sampling pixel at some location and Iavg is the overall averaged 
irradiance on the panel backplane. As presented in Figure 2.6(B) and Figure 2.8(B), the RMSD 
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reaches negligible values when the f/# is larger than 2. The PCX lens arrays in both module 
architectures fulfill this criterion. 
Similar ray-tracing methods can simulate the distribution of diffuse irradiance that forms 
on the both types of module backplanes after passage through the PCX lens array. This quantity is 
important for efficient capture and conversion by the Si cells. Calculations, again assuming 
Lambertian angular distribution for the incoming diffuse light, for the HCPV+-DS module reveal 
these distributions for three different sidewall reflectivity conditions (mirror, diffuse and 
absorbing), as shown in Figure 2.9. Reflecting sidewalls (i.e., 100% specular reflection) generate 
the most even backplane diffuse light distribution (RMSD =0.0059, Figure 2.9(A)), equivalent to 
the case of an infinite lens array where projections of diffuse light through multiple single lenses 
(see Figure 2.10) overlap to create uniform irradiance. The overall optical efficiency (ηop) for 
passage of diffuse light through the primary lens array and arrival at the backplane is 76%, 
restricted by losses from Fresnel reflections (11%) and limited acceptance angles for photons at 
large incidence angles due to TIR within the primary lens array (13%). For the case of a 10% 
diffuse light component in the incident solar illumination, the total normalized irradiance in the 
form of concentration level (relative to one-sun illumination) can be calculated along a dashed line 
(Figure 2.9(A)) that overlaps with the locations of the 3J cells, as plotted in Figure 2.9(B). The 
sharp peaks and flat regions represent the concentrated light and diffuse radiation, respectively. 
The module housings involve sidewalls covered by glossy white powder coat paint, with a 
scattering reflective condition closer to a Lambertian diffusive surface. The simulation results for 
this case are in Figure 2.9(C-D). Although the diffuse irradiance distribution shows some variation 
near the edges of the module, leading to RMSD = 0.11 over the whole panel backplane, the 
uniformity remains excellent in the central region (16 × 24 lens units, RMSD = 0.016). The overall 
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optical efficiency (ηop) for the diffuse irradiance in this case (diffuse sidewall) is 73%. The global 
efficiency gain (ηgain) of the HCPV+-DS module can be estimated by multiplying ηop with the Si 
cell efficiency (ηSi = 18.5%), the fraction of the solar illumination that is diffuse (fdiff) and the Si 
cell areal coverage ratio on the panel backplane (fA=0.72). When fdiff = 20% (e.g., a typical sunny 
day in New Mexico, California and Nevada), the expected ηgain from the array of the Si cells is fdiff 
ⅹ ηop ⅹ ηSi ⅹ fA = 1.9%. In complete overcast conditions (fdiff = 100%), the estimated efficiency 
gain from the Si cells reaches 9.7% (assuming ηSi remains the same under the cloudy sky spectra). 
An unmodified HCPV system ceases to function under such circumstances. Further improvements 
are possible through the addition of Si cells on the sidewalls to reach ηop = 76%. Such schemes 
involve, however, additional costs and they significantly increase non-uniformities in the 
irradiance distribution on the sidewalls and backplane (The RMSD of irradiance profile on the 
backplane is 0.18, Figure 2.9(E)). Furthermore, the irradiance on the sidewall is only ~1/3 of that 
of the center of the backplane (Figure 2.9(F)), which would result in a voltage drop in the Si cells 
that may not be fully compensated by the gain in optical efficiency. 
Corresponding results for the CPV+-LP system appear in Figure 2.9(G-H). Here, ηop is 
75.6%, mainly limited by optical losses from the top lens array, following considerations that are 
similar to those associated with the primary optic in the HCPV+-DS design. For this type of module 
(ηop =75.6%, ηSi = 20%, fA =0.96), the expected ηgain is 2.9% and 14.5% on sunny (fdiff = 20%) and 
overcast (fdiff = 100%) days, respectively, both of which exceed values estimated for the HCPV+-
DS architecture due to the improved Si cell coverage. 
Outdoor testing of HCPV+-DS modules on a two-axis solar tracker located at Durham, NC 
reveals their performance under realistic operational conditions. Separate measurements collected 
approximately once per minute yield values for the power output from the 3J and the Si cells. A 
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pyranometer (LiCor) and normal incidence pyrheliometer (NIP, Eppley Lab) located on a nearby 
tracker record the global normal irradiance (GNI) and DNI. Representative data (GNI, DNI along 
with the power density from the HCPV-DS module, the Si cells and the summed values, 
corresponding to the total output of the HCPV+-DS system) under three typical weather conditions 
(i.e., sunny, partly sunny and cloudy) are in Figure 2.11(A-C) (Representative outdoor I-V curves 
for both CPV and Si components can be found in Figure 2.12). Figure 2.11(D) and Table 2.1 
summarize the diffuse component (i.e., (GNI-DNI)/GNI) and efficiency data against GNI 
(calculated over the entire module area) extracted from these measurements (Similar data extracted 
from outdoor testing in Bondville, IL are presented in Figure 2.13). For the case of the sunny day 
(Nov 20, 2015, Figure 2.11(A)), the DNI is over 90% and is stable (red shaded area, ~ 900 W/m2) 
throughout the day. Here, the HCPV+-DS power density (blue curve) peaks at 309.4 W/m2 (12:19 
pm) and reaches an average global efficiency (ηHCPV-DS) of 29.5% between 11 am to 4 pm (note 
that the efficiency against the DNI is 31.9% here). The Si cells provide an added power density of 
9.57 W/m2 at the same time (red curve), which translates to an averaged absolute global efficiency 
gain of 1.02% when the averaged diffuse component is 7.64%, to enable ηHCPV+-DS = 30.5% 
(global). On the partly sunny day (Nov 28, 2015, Figure 2.11(B)), the DNI remains relatively high 
(~ 450 W/m2 on average) although with strong transient variations due to clouds. The result is a 
peak HCPV+-DS power density of 280.7 W/m2 at 12:36 pm (DNI = 884 W/m2) and averaged 
ηHCPV+-DS = 16.9% (global; 29.8% against DNI). The Si cells (peak power density 43.6 W/m2 at 
1:13 pm) add 4.36% to the averaged global efficiency due to the increased diffuse illumination 
(fdiffuse= 43.5%), thereby yielding averaged ηHCPV+-DS = 21.2% (global). The total power density 
from the HCPV+-DS here peaks at 12:36 pm with a value of 296.5 W/m2. By contrast, under cloudy 
conditions (Oct 25, 2015, Figure 2.11(C)), ηHCPV-DS (global) drops to 1.73%. Here, when the 
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diffuse component is 84.4%, the Si cells produce a peak power density of 43.1 W/m2 at 12:28 pm, 
and add 8.45% to the averaged global efficiency, to enable ηHCPV+-DS = 10.2% (global). As 
expected, the data in Figure 2.11(D) show that the absolute efficiency gain provided by the Si cells 
follows the trend of the diffuse component of incident radiation, with average cell efficiencies 
(calculated using only the area of the Si cells) of 18.4% (sunny, Nov 20) and 13.9% (partly sunny, 
Nov 28 and cloudy, Oct 25) against diffuse irradiance. The latter value matches predictions by 
optical simulation (ηopⅹ ηSi = 0.73ⅹ 0.185 = 13.5%). The former exceeds simulation, likely because 
the Si cell can generate additional power from DNI scattered from intersections between lens 
arrays and/or imperfections in the lens surfaces (see Figure 2.14(A)).  
Outdoor field test measurements with a CPV+-LP module in Washington DC on a partly 
sunny day (March 3, 2016) provide operational insights similar to those described above. The 
measured DNI and GNI, together with the power density generated by the CPV+-LP module appear 
in Figure 2.11(E). As with the HCPV+-DS system, the maximum power generated by the 3J cell 
array follows the DNI profile while the output power from the Si cell remains fairly constant, 
following the trend of the diffuse irradiance (i.e., GNI-DNI). The efficiency of the 3J cell array 
measured in the integrated module (i.e., with optical losses from the lens array) against DNI is 
~30%; that of the Si cell relative to the diffuse irradiance is ~10% (dashed orange lines in Figure 
2.11(F)). This Si efficiency includes effects of shading losses associated with the grid 
interconnects and the 3J cells as well as reflection losses associated with the concentration optics 
and the glass support for the 3J cell array. Compared to the previously described design, the glass 
support represents an additional source of loss, partly compensated by the improved coverage of 
the Si cell (nearly 100%), such that a similar level of averaged global efficiency gain (5.20%) 
relative to the averaged diffuse component (54.3%) results, as shown in Figure 2.11(F). The 
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averaged efficiency of a CPV-LP module against GNI is 13.8%, while the CPV+-LP system 
reaches 19.0% on this particular day. The data, as provided in Figure 2.14(B), indicate a linear 
relationship between the output power from the Si cells and the diffuse irradiance (GNI-DNI). 
Interestingly, the data from the Si cell are more tightly correlated with diffuse power at low levels 
of DNI (<300 W/m2, black points) than at high levels (red points). This observation again suggests 
that the DNI lost by scattering from the lens array intersections and imperfections on the lens 
surfaces is recycled by the Si cell, similar to the effects described previously for the HCPV+-DS 
modules (Figure 2.14(A)). 
For both types of CPV+ modules, the low per-area cost of energy from Si cells make them 
attractive for use on the module backplane as diffuse light collectors. Emerging alternatives based 
on perovskites, organics, epitaxial lift-off III-Vs, each with the additional possibility of use in 
advanced luminescent concentration schemes [31, 41-46], may also be considered. The bandgaps, 
in particular, are important. Figure 2.15(A) presents the detailed balance limit for the absolute 
efficiency gain from diffuse light capture as a function of the cell bandgap and the air mass value, 
calculated based on the simulation package SMARTS [47, 48]. At AM 1.5, with panel tilting angle 
tracking the sun, rather than a fixed 37° tilt angle used for the standard ASTM G173-03 reference 
spectrum (Figure 2.16 for comparison), the absolute efficiency gain from diffuse light capture (i.e., 
the difference between the tilted global and direct normal irradiance) peaks at a bandgap of 1.41 
eV, which is different than the values (1.14 and 1.34 eV) optimized for the full spectrum 
conversion [3]. This difference follows from the increased weight of the diffuse solar spectrum in 
the visible band as compared with the full solar spectrum (see Figure 2.17). The maximal 
efficiency gain (4.6% at 1.41 eV, with a diffuse component of 13%) is ~0.5% higher than that 
predicted for Si (4.1% at 1.11 eV). As the atmosphere becomes thicker (i.e., higher AM value), 
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the achievable efficiency gain tends to increase slightly due to the increased diffuse component, 
with the optimum bandgap shifting to smaller values due to spectral variation. A ~5% gain in 
efficiency is theoretically possible under thick air mass numbers (e.g., AM = 4). Increases in 
atmospheric turbidity, either in the form of soil dust or air pollution, lead to further increases in 
the diffuse component. Figure 2.16(B) shows the detailed balance limit for the efficiency gain from 
diffuse light capture as a function of single junction bandgap and the aerosol optical depth (τ) 
under AM 1.5 condition. In “clean air” where τ = 0.1, 5.0% absolute efficiency gain is expected at 
a bandgap of 1.37-1.56 eV; while in “smoky/foggy air” (τ = 0.8) 17.1% absolute efficiency boost 
is possible with a bandgap of 1.37-1.44 eV. Such simulations suggest value in custom backplane 
cell designs that optimize the cell bandgap for different terrestrial and climate conditions.  
In addition to the careful selection of cell bandgaps for diffuse light utilization, several 
other strategies can improve the efficiencies of the two CPV+ modules introduced here. The 
performance of the CPV+-LP system can be enhanced by: (1) mitigating reflection losses from lens 
surfaces by introducing full spectrum anti-reflection (AR) coatings with broad acceptance angles, 
with the potential for increasing the optical efficiency by 8% for direct light (i.e., 4% at each 
interface) and from 76% to 88% for diffuse light; (2) reducing the reflections losses from the 
transparent substrate that supports the arrays of 3J cells, by adding the AR layer on top and an 
index matching liquid underneath to fill the air gap between the substrate and the Si cell, with the 
potential to improve the optical efficiency by 8% for diffuse light; (3) increasing the concentration 
ratio to hundreds of suns, with the potential to increase the efficiency for direct sunlight by ~3%; 
(4) incorporating world-record MJ cells (~46% efficiency), with the potential to increase the 
efficiency for direct light by 9%. Extrapolations based on implementing all of these enhancements 
combined with the use of cells with optimized bandgap for diffuse light (GaAs ~1.4 eV, optimized 
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for AM=1.5, η = 28.8% [5]), suggest that the global efficiency for the CPV+-LP module measured 
on a partly sunny day (54.3% diffuse) like the one in Table 2.1 can be improved from 19.0% to 
28.8%; while on a sunny day (10% diffuse), projected global efficiency can be improved from 
28.9% to 35.2%. These improved efficiency values for the CPV+-LP systems are comparable to, 
and can even exceed, world-record flat plate modules formed by epitaxial liftoff (InGaP/GaAs 
dual junction from Alta Devices, η = 31.6% [5]). 
For the HCPV+-DS system, besides (1) employing the AR coatings on lens surfaces (8% 
enhancement for direct light, 19% for diffuse light) and (2) using the world-record MJ cells (9% 
enhancement for direct light) as mentioned earlier, the efficiency can also benefit from (3) 
increasing the Si cell coverage on the backplane from 72% to nearly 100%. The collective impact 
of changes (1-3), together with use of cells that have optimized bandgaps (GaAs ~1.4eV, η = 
28.8%) could improve the module efficiencies reported in Table 2.1 from 30.5% to 36.6% (for 
sunny days) and from 21.2% to 30.8% (for partly sunny days). 
For both CPV+ module designs, these enhancements correspond to significant gains in 
annual average efficiency at various geographic locations in the US (see the Future Innovations 
chart in Figure 2.1). In high DNI regions such as Tucson (with an annual diffuse radiation 
component (fdiff,avg) of 17.0%) and Daggett (fdiff,avg = 20.2%), the yearly average absolute increases 
in efficiency (Δηdiff,avg) by adding the diffuse collector are 3.8% and 4.6%, respectively; while in 
medium DNI regions with more frequent overcast conditions such as San Francisco (fdiff,avg = 
29.6%) and Portland (fdiff,avg = 39.2%), Δηdiff,avg  reaches 6.7% and 8.8%, respectively. Data from 
installation in these and other regions of the world will yield data useful for detailed in LCOE 




In summary, this paper demonstrates schemes by which advanced CPV module 
technologies can be readily converted into systems capable of capturing and converting both direct 
and diffuse solar radiation, with potentially important consequences on the cost of energy for 
photovoltaics. Outdoor testing results in Durham, NC, in Bondville, IL and in Washington DC, 
indicate absolute increases in daily averaged module efficiencies between 1.02 to 8.45%, measured 
against global normal incident solar radiation, depending on weather conditions. Exploiting 
improved AR coatings on the concentrating optics and glass surfaces and implementing optimized 
bandgaps for the flat plate PV materials offer near-term potential for further significant 
improvements in the performance characteristics. Furthermore, because these module 
architectures are independent of the MJ cell designs, immediate improvements in module 
efficiencies will be possible by leveraging future advances in MJ cell technology. The overall 
















Sunny Nov-20 7.64% 30.5% 29.5% 1.02% 
Partly Sunny Nov-28 43.5% 21.2% 16.9% 4.36% 
Cloudy Oct-25 84.4% 10.2% 1.73% 8.45% 





2.6 Figures  
 
Figure 2.1 Estimated CPV and CPV+ module efficiency in different U.S. locations based on 
their yearly diffuse components. The current technologies tab assumes efficiencies achieved in 
this work (HCPV-DS module: 32.0%, CPV-LP module: 30.0%, Si cell: 18.5%), while future 
innovations tab uses improved PV efficiencies (CPV module: 38.9%, GaAs cell: 28.8%) along 






Figure 2.2 Detailed balance efficiency comparison between conventional HCPV MJ cells (n 
junctions for direct sunlight) and CPV+ configuration (n-1 junctions for direct sunlight and 1 
junction for diffuse sunlight) at 1000 X concentration under ASTM G173-03 reference spectrum. 
When n=5, a combination of 4J CPV module and a diffuse collector would result in a higher 






Figure 2.3 Relative performance of Semprius commercial modules with different experimental 
coatings evaluated for anti-soiling performance. The spike at 8 weeks corresponds to the extreme 







Figure 2.4 Schematic diagrams, images and performance characteristics of an HCPV system that 
exploits dual-stage concentrator optics, with microscale 3J cells to capture direct irradiation and 
Si solar cells to capture diffuse irradiation, which we refer to as a HCPV+-DS module. (A) 
Schematic illustration of a unit cell in the module that highlights the two-stage optics design 
(1000x concentration) and the interconnected array of the Si cells (blue rectangles) on the 
backplane in regions between the 3J cells with integrated ball lenses (inset), yielding a system 
that captures both direct (grey/blue shaded region) and diffuse (colored dashed lines to show 
representative trajectories) solar radiation. (B) Schematic view at the module level (a collection 
of 32 unit cells). (C) Current (I)-voltage (V) curves for the HCPV-DS module (measured under 
CSTC from a flash test) and the interconnected array of Si cells (measured on sun outdoors). 
Photographs and magnified views as insets showing (D) the standard HCPV-DS module panel 
backplane consisting of an array of the 3J cells coupled with ball lenses and (E) the hybrid 






Figure 2.5 Schematic representations, photographs and electrical performance of a low-profile 
CPV system that exploits single-stage concentrator optics, with microscale 3J cells to capture 
direct irradiation and Si solar cells to capture diffuse irradiation, which we refer to as a CPV+-
LP. (A) Schematic illustration of a unit cell in the CPV-LP+ module that includes an array of 3J 
cells on a transparent substrate located between a corresponding array of focusing lenses above 
and a single Si cell below. This system captures both direct (concentrated onto the 3J cells) and 
diffuse (illuminating the Si cell) solar irradiation. (B) Exploded view schematic illustration of the 
CPV-LP+ module design. (C) Current (I)-voltage (V) characteristics of the CPV-LP module and 
the Si cell (measured at standard testing conditions; blue color). (D and E) Photographs and 
zoom-in insets of a completed module of this type (i.e., CPV+-LP) before and after the 




Figure 2.6 Simulation results for transmittance, irradiance uniformity and irradiance distribution 
associated with passage of diffuse light (Lambertian) through inward-facing high concentration 
plano-convex lens arrays in the HCPV+-DS systems. (A) Simulated averaged transmittance of the 
lens array as a function of the incident angle of light measured relative to the normal direction. 
(B) Dependence of the transmittance of diffuse/direct sunlight and diffuse irradiance uniformity 
on the f/# (focal length divided by lens diameter). The calculations involve ray tracing at a 
wavelength of 550 nm for the case of an infinite lens array, with the lens profile optimized as 
conic surfaces for convergent focal points. (C) Normalized irradiance distribution under an 
infinite lens array for different f/#, with a sampling area equivalent to that of a single lens unit: 






Figure 2.7 Simulated pathways of light rays at an incidence angle of 45°, one example pathway 






Figure 2.8 Simulation results for transmittance, irradiance uniformity and irradiance distribution 
associated with passage of diffuse light (Lambertian) through outward-facing plano-convex lens 
arrays, similar to the type used in CPV+-LP systems. (A) Simulated averaged transmittance of the 
lens array as a function of the incident angle of light measured relative to the normal direction. 
(B) Dependence of the transmittance of diffuse/direct sunlight and diffuse irradiance uniformity 
on the f/# (focal length divided by lens diameter). The calculations involve ray tracing at a 
wavelength of 550 nm for the case of an infinite lens array, with the lens profile optimized as 
conic surfaces for convergent focal points. (C) Normalized irradiance distribution under an 
infinite lens array for different f/#, with a sampling area equivalent to that of a single lens unit: 






Figure 2.9 Simulated diffuse irradiance profiles and total concentration ratios for the HCPV+-DS 
panel backplane with different sidewall conditions, and for the CPV+-LP module. (A and B) 
mirror reflecting sidewall, (C and D) diffuse reflecting sidewall, (E and F) absorbing sidewall. 
The concentration ratio is calculated along the blue dashed line across the panel backplane as 
shown on the diffuse irradiance profiles. (G and H) Simulated diffuse irradiance distribution and 





Figure 2.10 Simulated irradiance distribution of diffuse light projected by (A) a single primary 
lens unit and (B) an infinite primary lens array. The lens was configured based on the primary 
lens unit in the HCPV module, with a perfect AR coating (i.e., no Fresnel losses). The angle 
distribution of the  incoming rays in the simulation was assumed to be Lambertian, while their 
spectral distribution matches the diffuse sunlight in the AM 1.5 diffuse spectrum. The square in 
the center of (A) illustrates the lens aperture, with a normalized peak irradiance of ~3%, as most 
rays are projected on areas outside the aperture; in contrast, the normalized irradiance in (B) is 
much higher (~87%) and more uniform, as a result of the superposition of the single-lens 





Figure 2.11 Real-time outdoor testing results of GNI, DNI and power density generated by Si 
(red line), CPV (blue line) and CPV+ (black line). (A) HCPV+-DS module on a sunny day 
(November 20, 2015) in Durham, NC, USA from 0600 to 1800h. (B) HCPV+-DS module on a 
partly sunny day (November 28, 2015) in Durham, NC, USA from 0600 to 1800h. (C) HCPV+-
DS module on a cloudy day (October 25, 2015) in Durham, NC, USA from 0600 to 1800h. (D) 
Measured real-time diffuse component of the solar spectra (green line) and absolute efficiency 
gain (orange line) contributed by the interconnected array of Si cells of the HCPV+-DS module 
under different weather conditions (October 25, November 20 and November 28, 2015 in 
Durham, NC, USA from 0600 to 1800h). (E) CPV+-LP module on a partly sunny day (March 3, 
2016) in Washington DC, USA from 1245 to 1415h. (F) Measured real-time diffuse component 
of the solar spectra (green line) and absolute efficiency gain (orange line) contributed by the Si 
diffuse collector of the CPV+-LP module under partly sunny skies on March 3, 2016 in 




Figure 2.12 I-V curves from the HCPV and Si component of the HCPV+ module measured on 







Figure 2.13 Real-time data of the efficiency gains from Si cells and diffuse components on a (A) 
sunny day (1.97% enhancement, peaked at 2.2%)  and (B) cloudy day (6.06% enhancement, 






Figure 2.14 Maximum power generated by Si cells against diffuse solar irradiance (i.e., GNI-
DNI) measured for (A) HCPV+-DS module on three different days (Nov 20, Nov 28 and Oct 25, 






Figure 2.15 Detailed balance limit of the absolute efficiency gain from diffuse light capture as a 







Figure 2.16 Comparison of diffuse component of standard ASTM G173-03 reference spectrum 
(AM = 1.5, tilted angle = 37⁰, diffuse = tilted global –(tilted direct + circumsolar) ) and the 
corresponding tracking diffuse spectrum (AM=1.5, tilted angle = 48.19⁰, diffuse = titled global – 
titled direct) generated by SMARTS 2.9.5; detailed balance efficiency for both are plotted as 
well and the optimized bandgap blue-shifted under the standard spectrum. Due to the facts that 
circumsolar rays can not be fully used by the CPV and the standard spectrum is more suitable for 






Figure 2.17 Comparison of the tilted direct, diffuse and global components of the solar spectra at 
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Chapter 3  
Anti-Reflection Coatings with Graded-Index Glass Surfaces 
 
3.1 Abstract 
Concentration photovoltaic (CPV) systems, where incident direct solar radiation is tightly 
concentrated onto high-efficiency multi-junction solar cells by geometric optical elements, exhibit 
the highest efficiencies in converting the sun’s energy into electric power. Their energy conversion 
efficiencies are greatly limited, however, due to Fresnel reflection losses occurring at three 
air/optics interfaces in the most sophisticated dual-stage CPV platforms. This chapter describes a 
facile one-step wet-etching process to create a nanoporous surface with a graded-index profile on 
both flat and curved glasses, with capabilities of achieving ~99% transmission efficiency in a wide 
wavelength range from 380 nm to 1.3 µm and for a wide range of incident angles up to ±40⁰ 
regardless of the polarization state of incident sunlight. The simplicity of the etching process 
remarkably increases their versatility in various optical elements that require unconventional form 
factors such as Fresnel lenses and microlens arrays, and/or demanding curvatures along with much 
reduced dimensions such as ball lenses. Etched glass surfaces on two-stage optical concentrating 
systems yield enhancements in total optical transmission efficiencies by 13.8% and in the 
photocurrent by 14.3%, as experimentally determined by measurements on microscale triple-
junction solar cells. The presented strategy can be widely adapted in a variety of applications such 






A recent resurgence of interest in concentration photovoltaics (CPV) follows from 
advanced embodiments that increase its potential for use in utility-scale power generation. The 
most sophisticated systems use geometric optical elements that concentrate solar radiation onto 
photovoltaic devices with reduced area to allow for the effective use of highly efficient 
multijunction (MJ) solar cells. The ability to exploit different semiconductors with multiple 
bandgaps in such MJ platforms minimizes thermalization and absorption losses as compared to 
their single-junction flat-plate counterparts. Moreover, advances in epitaxial growth techniques 
and assembly strategies further improve cell efficiencies, with champion cell efficiencies that now 
reach 46% [1]. The highest performance CPV systems entail dual-stage concentrating optics, 
wherein a primary optic focuses incident sunlight onto III-V compound semiconductor based MJ 
cells with small lateral dimensions, while a secondary optic enhances tracking/alignment tolerance 
and irradiance uniformity on the cells. Alternative, and sometimes complementary, strategies that 
employ spectrum splitting optics [2] and/or diffuse light capture [3] are also possible. The 
utilization of state-of-the-art MJ cells in conjunction with such advanced optical concentrating 
systems enables the most advanced CPV technologies to compete, on a cost basis, with the 
conventional flat-plate solar cells particularly in geographic regions with strong direct normal 
irradiance (DNI). Many such CPV systems use optics based on polymers that are highly moldable 
and cost effective, but their long-term reliability remains questionable because of their 
vulnerability to degradation in harsh outdoor conditions—notably abrasion, yellowing and 
mechanical cracking/fatigue. Glass, on the other hand, is a choice material for field deployment, 
especially for the secondary optics where both optical and mechanical stress are most intense due 
to the high irradiance levels they are exposed to.  
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Whether comprised of plastic or glass, the optics in existing CPV platforms lead to 
substantial Fresnel reflection losses at their interfaces with air due to index mismatch—for 
example, a ~12% reflection loss arises from 3 air/optic interfaces in the most sophisticated CPV 
modules, which use two optics stages: a primary Fresnel/plano-convex lens or lens array integrated 
with a refractive secondary optic based on a dome/ball lens. Antireflection coatings (ARCs) are 
therefore essential.  While reflection losses at interfaces between air and semiconductors with high 
indices of refraction (e.g., III-V compound semiconductors) can be easily mitigated by utilizing 
standard multilayer coatings, reducing Fresnel reflections at air/optic interfaces can be much more 
challenging. One of the simplest and best-known approaches exploits thin-film optical coating 
methods: 1) a single-layer quarter-wavelength coating that cancels the reflection at a specific 
wavelength when the refractive index of a medium is between air and the optic according to 
𝑛 𝑛 ; and 2) a multi-layer coating comprising alternating dielectric media with varying 
refractive indices for broad spectral and angular coverages. These two approaches are limited by 
the absence of materials with appropriate refractive indices (optimum value for a single-layer ARC 
is n~1.2, while the lowest refractive indices for dense dielectrics are on the order of 1.38, such as 
magnesium fluoride (MgF2)). Although strategies based on patterning (via self-assembly [4-6] and 
lithographic techniques such as nanoimprint [7, 8]) the air/optic interface with subwavelength 
periodic structures, i.e., forming “moth-eye” surfaces [9, 10] that allow only zeroth-order 
diffracted rays to transmit and suppresses any higher-order diffractions [11, 12], the fabrication of 
such subwavelength-scale structures, especially on curved surfaces such as optical lenses, is 
difficult at costs and volumes for realistic use in CPV. An interesting alternative is to introduce air 
voids in dense coating materials to achieve the necessary low refractive indices in an averaged 
sense. According to the effective medium theory, a porosity of 60% will reduce the refractive index 
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of a glass medium (n~1.5) to 1.2. To avoid light scattering, the pores must have homogenous 
distributions of size in the subwavelength regime [13]. Such nanoporous systems can be realized 
by phase separation [14, 15], etching [16], template removal [17], oblique angle deposition [18-
20] and sol–gel [21] techniques. Nevertheless, creating such ARCs on primary optics with 
unconventional form factors and/or secondary optics in CPV systems, the latter of which typically 
involve high curvatures and small dimensions, represents a considerable technical hurdle in 
realizing “zero-loss” CPV systems.  
The results reported here establish a simple one-step wet-etching process that produces 
graded-index nanoporous ARCs on borosilicate glass (BK7 and its derivatives) surfaces featuring 
near-zero reflections across a broad wavelength range and for a wide angle of incidence. 
Additionally, the methods are cost-effective and environmentally friendly as they are based on low 
temperature (87C) neutral-solution leaching processes. Although strong acids and alkalis have 
long been used in corrosion of glass [22, 23], they typically generate macroporous structures that 
cause strong scattering of incident light, thereby preventing the formation of highly transmissive 
ARCs. By contrast, the neutral process reported here, which was originally formulated for use in 
creating durable ARCs for high energy laser optics [24, 25], is particularly well suited for 
formation of ARCs in the CPV system because it generates pores with diameters (~20 nm) 
sufficiently small to prevent light scattering and can be controlled precisely to yield highly 
effective ARCs.  In addition, this immersive wet-etching process, compared with other deposition 
approaches, can be applied to surfaces with nearly any geometry, including those with demanding 
curvatures and hidden features. Measured transmission through flat-plate glass surfaces processed 
in this manner are found to exceed 99% over a broad spectral band between 380 nm and 1.3 m 
and over an angular range up to 40, applicable to the most demanding concentrating optics used 
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in CPV systems. More complicated surfaces of different optical elements including plano-convex 
lenses, ball lenses, Fresnel lenses and plano-convex lens arrays present similar values for the 
improvements realized in transmission. CPV systems based on microscale, triple junction (3J) 
solar cells provide demonstration vehicles to illustrate the functional performance of the etched 
surfaces in two-stage concentrating systems comprising primary plano-convex lenses together 
with secondary ball lenses. The etched surfaces of these types of two-stage optical concentrating 
systems enhance the net transmission by 13.8% and the corresponding photocurrents by up to 
14.3%. Two other CPV systems that exploit optics with unconventional form factors (i.e., a Fresnel 
lens and a microlens array) are also examined, showing consistent photocurrent enhancements 
(i.e., 7.71% and 11.1%, respectively) regardless of the complexity of their surface geometries.   
 
3.3 Results and Discussion 
The studies reported here use borosilicate crown glass. This low-thermal-expansion 
material is widely used for laboratory equipment, lighting, electronics and high-precision optics 
due to its substantive chemical, mechanical, and heat resistances. One of its most extensively 
applied commercial glass types (BK7) roughly contains 68% silica (SiO2), 15% boron oxide 
(B2O3), 5% potassium oxide (K2O), and 6% sodium oxide (Na2O) by weight [26-28], with exact 
values varying between different manufacturers. The chemistry of  etching procedures for this 
material has been described elsewhere [25]. Figure 3.1(a) schematically illustrates the one-step 
etching process developed in the present work in which the glass sample, after being cleaned (by 
acetone, isopropyl alcohol and deionized (DI) water), is immersed into a solution containing 
disodium hydrogen phosphate (Na2HPO4) (0.034 mol/L) and aluminum chloride (AlCl3) (0.001 
mol/L) at a temperature of 87C for 26 hours. After the reaction, the sample is retrieved and 
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cleaned by rinsing with DI water. Figure 3.1(b) provides the results of an X-ray photoelectron 
spectroscopy (XPS) study of the atomic compositions of various relevant elements on the glass 
surface before and after the etching process. Elements of K and B are selectively removed during 
the process, while relative proportions of Na and Al increase within the etched layer (angle-
resolved XPS data additionally show that the proportion of Na is highest at the top of the etched 
surface, and decreases with depth into the bulk, while the proportion of B exhibits an opposite 
gradient; see Figure 3.2). The changes seen here in chemical composition support a well-elaborated 
theory of glass corrosion [22, 29] that divides the etching process into three distinct reactions, i.e., 
hydrolysis, ion-exchange and network reconstruction. Hydrolysis is initiated by hydration of the 
Si-O-Si network and proceeds with the release of soluble Si(OH)4. This leaves a broken network 
together with voids that allow for deeper penetration of water molecules and etchant ions. Ion-
exchange occurs when alkalis (Na, K, etc.) and other network modifiers in the glass are replaced 
by smaller-sized protons, resulting in voids and more hydrated –Si-OH that may undergo further 
hydrolysis and deeper network breakdown. The hydrated –Si-OH can also reconstruct by 
condensation to reform Si-O-Si network elements, or modified by intermediate cations such as Al. 
The net result yields a graded porous network with wider channels or bigger voids closer to the 
surface, and with narrower channels or smaller voids deeper into the bulk of the glass. This graded-
index profile is validated by the cross-sectional scanning electron microscopy (SEM) image given 
in Figure 3.1(c), which shows a porous layer that extends ~200 nm deep into the bulk of the glass, 
with a graded porosity that decreases from the top-most section into the bulk. The SEM image in 
Figure 3.1(d) captures the structures with randomly distributed nanopores from the top-down view. 
The average diameter of the pores at the top-most surface is estimated to be ~11 nm by statistical 
image processing (ImageJ), which is far below the values (>50 nm) that could lead to significant 
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light scattering due to a transition from Rayleigh to Mie scattering [13]. Surface topography 
assessed by atomic force microscopy (AFM) shows distributed surface structures with feature sizes 
ranging from 20-30 nm, while a pore size distribution afforded by environmental ellipsometric 
porosimetry (EEP) predicts an average pore diameter of 10 nm, with a tight bell-shape distribution 
spanning from 4 nm to 20 nm. (See Figure 3.3 and 3.4, respectively) The surface characterization 
techniques (SEM, AFM and EEP) all confirm that the etched surface falls into the mesoporous 
regime (2-50 nm).  
Optical properties of the etched surface are examined by spectroscopic ellipsometry (RC2 
DI and focused RC2 XI spectroscopic ellipsometers, J. A. Woollam Co.). The ellipsometry data 
are analyzed based on a graded layer model that equally divides the etched surface into several 
numbers (N) of slices. Each slice is treated as a homogeneous medium that comprises an effective 
refractive index (neff) dependent on how porous the medium is. The entire graded layer is a stack 
of N slices of which refractive index changes slightly in each slice. When N = 1, where the ~200 
nm-thick etched surface is interpreted as being a homogenous layer, the mean squared error (MSE) 
is found to be 120, suggesting that the modelling is not accurate. The MSE decreases drastically 
when N increases, and converges to an MSE of ~9 after N > 4 (see Figure 3.5). Figure 3.1(e) 
presents estimated values of refractive indices of the etched surface modeled as five equally 
divided slices (N = 5; each slice is 40 nm thick) over a spectral band relevant to operation of 
commercial 3J solar cells from 380 nm to 1.3 µm. The bottom slice that is adjacent to the bulk of 
the glass has an average refractive index of 1.46 at 632.8 nm, which is slightly lower than that of 
bulk BK7 (n = 1.52). On moving the slice closer to the top of the etched surface, its refractive 
index decreases in a manner expected for a graded-index profile. The top slice has the lowest 
refractive index, 1.14, which is very close to that of the air (n = 1). This index gradient is sufficient 
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to allow the reflections from the etched surface to be markedly suppressed in consequence of a 
better index matching. Figure 3.1(f) presents the calculated porosities for each slice based on an 








= 0 (3.1) 
where nglass, nair and neff are the refractive indices of the glass, the air and the porous layer, 
respectively. The volume fraction of air (fair), i.e. the porosity, is related to the volume fraction of 
glass (fglass) by fair = 1 - fglass. The topmost layer of the surface is found to consist of a layer with a 
porosity of up to 70%, while the bottom layer presents with a porosity of only 10%. This etched 
surface spans a wide modulation of porosity thought to be hard to engineer in hard materials. We 
note that this modulation can be easily controlled in a suitable manner by varying the solution 
concentration, the etching time, the temperature, and other conditions. 
A coating that comprises a gradient transition of refractive index from one medium to 
another is understood to display a superior AR property because the incident ray “meets no optical 
discontinuity” [32]. Experimental progress, however, lags far behind the theory due to the 
difficulty in engineering dense materials to obtain a large enough index modulation to meet the 
demanding requirements for such a coating. Figure 3.6(a) displays measured normal-incidence 
transmission spectra of a planar BK7 glass slide (0.5 mm thick) etched on both sides (red) and a 
control without the etching treatment (black). A transmittance over 99% for a wide spectrum 
covering the visible and near IR regions (470 – 940 nm) is observed, showing a nearly 9% relative 
enhancement over the bare control sample (~91% transmission). An average transmittance of 
98.7% is obtained over an extended wavelength band from 380nm to 1.3 µm. The graded index 
profile also presents omnidirectional characteristics that are difficult to achieve with homogenous 
coatings, which could be ascribed to the random distributions of the nanopores [13, 16, 33]. Figure 
69 
 
3.6(b) provides a 2D contour plot of the transmittance of the etched flat-plate glass slide as a 
function of the wavelength and the angle of incidence—high transmission efficiencies of over 97% 
are still observed at a large incident angle of 40⁰ for the entire band (440 – 800 nm) of unpolarized 
light.  
Dust, soil and water droplets deposited on the surface of the CPV optics would obstruct the 
optical path and considerably decrease transmission; therefore, the use of a self-cleaning coating 
is especially beneficial to the operation of highly efficient CPV systems. Self-cleaning surfaces 
are generally based on either hydrophilic or hydrophobic coatings that render extreme wetting 
behaviors to reduce contamination. Since surface wettability is closely related to surface 
roughness, the etched surfaces, with a high degree of roughness, naturally exhibit a highly wetting 
tendency. The surface contact angle of DI water drops from 43.2⁰ before the etching to 9.4⁰ after 
the etching, as shown in Figure 3.6(c). Although a highly hydrophilic surface could protect the 
surface from fogging, condensed water may fill micropores, change the optical properties of the 
etched surface and obscure lenses. For these reasons, a highly hydrophobic surface is more 
desirable for optical applications involving mesoporous structures. This can be achieved, for 
example, by coating the optic with silane self-assembled monolayers (SAMs). Figure 3.6(c) shows 
the contact angle of DI water on bare and etched glass surfaces after treatment with 
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFOTS) (Coating of SAMs has a negligible impact 
on thin-film transmission, see Figure 3.7). The results reveal that the etched surface, though highly 
hydrophilic, can be readily transformed to a hydrophobic one with conventional treatments. The 
CPV optics deployed in field also suffer from mechanically-induced scratches and wear. All-glass 
optics would provide excellent durability to scratches and other undesirable surface damages. 
Unlike additive deposition methods, the etching approach offers an integral surface monolithic to 
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the glass material that is much less susceptible to delamination upon scratching (see Figure 3.8 for 
mechanical tests made on the etched glass surface as compared with a polymer-based ARC). 
The etched glass surface distinguishes itself from other ARCs in its versatile compatibility 
with optical elements of different form factors. This is most pronounced in the CPV optics where 
highly curved surfaces needed for aggressive concentrations are ubiquitous. Figure 3.9(a) and (b) 
provide relative transmittances of two lenses associated with the CPV optics, one being a plano-
convex lens (Dia. 30.0 mm, f = 50.0 mm) and another being a ball lens (2.0 mm diameter). 
Transmittance enhancements in both lenses are over 6% over the wavelengths from 380 nm to 1.3 
µm, which is very close to that measured in the planar flat-plate samples, with small deviations 
that are attributable to source-related compositional differences of the BK7 glasses. To further 
validate in use in complex optical systems, a two-stage optical system is assembled, with a plano-
convex lens acting as the primary optical element, and the ball lens as a secondary optical element. 
The ball lens is bonded to a 3J (InGaP/GaAs/InGaAsNSb, 1.9eV/1.4eV/1.0eV) microcell with an 
index-matched adhesive (Norland optical adhesive, n = ~1.5). Figure 3.9(c) captures the current 
(I) – voltage (V) performance of the 3J microcell under a simulated solar spectrum before and after 
implement of the etched two-stage optics (for an outdoor field test, see Figure 3.10). The 
configuration of the CPV setup is presented schematically in the inset of Figure 3.9(d). The short-
circuit current (Jsc) increases from 11.3 mA with unmodified optical elements, to 12.1 mA with an 
etched ball lens. When both etched plano-convex lens and ball lens are used for the CPV optics, 
the Jsc further increases to 13.0 mA. Figure 3.9(d) details the concentration ratios and 
enhancements of Jsc at various stages of ARC implements from multiple measurements. The 
etched ball surface brings a 6.2% relative enhancement, while the etched plano-convex lens brings 
an additional 7.6% relative enhancement. A total photocurrent enhancement of 14.3% is recorded 
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when all the three glass/air interfaces are etched, a value resembling a total elimination of the 
glass/air Fresnel reflections (assuming a 4.2% loss from each interface, a total elimination of the 
glass/air Fresnel reflections corresponds to an enhancement of 13.7%). This implies that the 
reflections from the etched CPV optical concentrating systems are considerably mitigated, thereby 
achieving nearly zero-loss CPV platforms. All the performance characteristics measured for this 
CPV optic are summarized in Table 3.1. 
Start-of-the-art CPV technology that employ optics with unconventional form factors, such 
as those with hidden surfaces, complicate processing by conventional AR coating methods. This 
is well illustrated for the case of Fresnel lenses, where grooves and ridges serve as self-shading 
structures hindering a uniform material distribution via vapor phase deposition processes. To test 
the current method, a Fresnel lens (Dia. 52 mm, f = 42 mm, press-formed from B270, Isuzu Glass, 
Inc.) was used instead of a plano-convex lens to construct the two-stage optics shown in the cartoon 
of Figure 3.9(d). After the etching modification, the Jsc of the 3J cell increased by 7.7%, from 17.5 
mA as a bare control to 18.9 mA with the etched ARC as illustrated by the data presented in Figure 
3.11(a). This enhancement closely matches the one obtained from the etched plano-convex lens 
(7.6%), showing that the etching process well accommodates optical elements with different 
geometries. The inset of Figure 3.11(b) shows a somewhat more complicated surface topology, a 
section of a low profile (~100 mm × 100 mm × 2.5 mm) hexagonal outward-facing plano-convex 
microlens array with a pitch of 3 mm and a focal length of 1 mm (press-formed from B270, Isuzu 
Glass, Inc.).  When stacked onto a corresponding array of microscale 3J cells (18X), the construct 
yields a complete single-stage low-profile module configured for portable and space applications 
[3]. Etched surfaces formed on both sides of the microlens array significantly boost its 
concentrating power (with a 6.2% increase in transmission averaged from 380 nm to 1.4 µm; see 
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Figure 3.12). Figure 3.11(b) shows the IV performance of the integrated module before (control) 
and after etching (etched). The array, which consists of 1020 microcells and an equivalent number 
of microlenses, sees an 11.1% enhancement in Jsc (from 31.4 mA to 35.0 mA) and a corresponding 
logarithmic increase in Voc from 88.7V to 89.0V (such a high level of Voc, unlike the ones 
previously shown in the two-stage optical system, is attributed to the integration of a large number 
of microcells). It is worth noting that the increase in Jsc, which seems to exceed what’s possible by 
mere elimination of Fresnel loss (~9%), also owes its contribution from the limiting subcell that 
benefits most from the narrower spectral band that has a higher-than-average enhanced 
transmission. The combined effects of Jsc and Voc leads to a total 12.1% enhancement in efficiency 
(from 28.6% to 32.0%). When taken together, these results show significant opportunities exist to 
apply selective wet-chemical-etching processes to usefully modify the surfaces of topologically 
complex optical elements. The electrical performances of exemplary optics of this form are 
summarized in Table 3.2. 
 
3.4 Conclusion 
A one-step etching process is demonstrated to produce nanoporous etched glass surfaces 
featuring a graded-index profile, self-cleaning properties, mechanical stability and supreme optical 
characteristics. A ~99% transmission efficiency over a broad solar spectrum (from 380 nm to 1.3 
µm) and wide angles of incidence (up to ±40⁰) can be achieved not only for flat-plate glasses, but 
for optical elements with curved surfaces, ranging from plano-convex lenses and highly curved 
ball lenses, to ones with unconventional form factors such as Fresnel lenses and microlens arrays. 
Controlled surface engineering renders additional attributes, such as hydrophobicity, which is 
highly desired for long-term field deployment. The result also supports the concept of all-glass 
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CPV systems, in which long-term reliability is guaranteed by true glass lenses, as compared to the 
more prevailing, yet less durable choice of PMMA refractive optics. 
 
3.5 Methods 
Etched AR surface fabrication: the borosilicate glass samples were first cleaned by acetone, 
isopropyl alcohol and DI water, and then mounted onto a sealed polyethylene container containing 
a solution of Na2HPO4 (0.034 mol/L) and AlCl3 (0.001 mol/L). The temperature of the reaction 
mixture was maintained at 87C for 26 hours by a circulating water bath (Isotemp 3016H, Fisher 
Scientific). The borosilicate glass samples were then retrieved from the reaction bath and rinsed 
thoroughly by DI water.  
Surface characterization: Surface elemental composition was characterized by XPS 
(Kratos Axis ULTRA) assisted with a processing software package (CasaXPS). SEM images of 
the etched surfaces were obtained on Helios 600i and JEOL 7000F Scanning Electron 
Microscopes. Normal incidence spectral transmittance curves were measured by a spectrometer 
(Varian Cary 5G). The angle-resolved transmission spectra, refractive index and thickness of the 
etched surface were obtained by RC2 DI and focused RC2 XI spectroscopic ellipsometers (J. A. 
Woollam Co.). The EEP measurements were performed using a J.A. Woollam Co. environment 
cell along with the M-2000 DI spectroscopic ellipsometer. Contact angles against DI water were 
measured by using a goniometer/tensiometer (ramé-hart model 250). 
Electrical characterization: I-V performance of the microscale 3J cell was measured with 
a Keithley 2400 sourcemeter. Oriel 91192-1000W Solar Simulator with an AM1.5G filter 
(calibrated to one sun, 100 mW·cm−2) was used as the illumination source. The optics positioned 





Table 3.1 IV characteristics measured under a two-stage CPV optical system. 
 







Bare ball & 
primary 
3.14 11.3 0.836 29.7 227.9 ± 1.3 --- 
Etched ball & 
bare primary 
3.14 12.1 0.840 31.8 242.0 ± 0.5 6.2 ± 0.7 
Etched ball & 
primary 





Table 3.2 IV characteristics measured under a Fresnel lens and a microlens array. 
 
 Voc (V) Jsc (mA) FF Power (W) η 
Fresnel lens 
No ARC 3.02 17.5 0.835 0.0442 --- 
ARC 3.01 18.9 0.815 0.0463 --- 
Δ --- 7.71% --- 4.73% --- 
microlens array 
No ARC 88.7 31.5 0.813 2.27 28.6% 
ARC 89.0 35.0 0.817 2.55 32.0% 




3.7 Figures  
 
Figure 3.1 (a) Illustration showing the etching process; (b) Atomic composition of the BK7 
surface as mapped by XPS before and after etch; (c) Cross-sectional and (d) Top-view SEM 
images of etched BK7 glass. (e) Modeled refractive indices of the etched BK7 glass using 
ellipsometry data, the etched layer is equally divided into five slices in the model, showing a 





Figure 3.2 Angle-resolved XPS data showing that the proportion of Na is highest at the top of 
the etched surface, and decreases along the depth into the bulk, while the proportion of B 





Figure 3.3 Atomic force microscopy images of the glass surfaces (a) before and (b) after 





Figure 3.4 Pore size calculations based on environmental ellipsometric porosimetry. (a) 
Adsorption and desorption of water by the etched porous surface at controlled pressure. (b) 
Calculated pore size distribution assuming cylindrical pores. The porosity calculated by the 
EMA theory is compared with an experimental value determined by EEP. As the graded porosity 
makes the porosimetry analysis non-ideal, only the top slice refractive index is traced at each 
relative pressure. The maximum solvent volume is close to 80%, a value agreeing reasonably 
well with the EMA based porosity. The pore size distribution for the top slice of the etched BK7 





Figure 3.5 (a) Mean squared error (MSE) values depending on the number of the modeling 






Figure 3.6 (a) Transmission of flat BK7 sample before (black) and after (red) etching; (b) 
Angular transmission data of the etched BK7 sample; (c) Contact angles of both bare and etched 











Figure 3.8 (a) Scanned topological maps of both an etched glass surface and a porous PMMSQ 
coating after a line scan with a nanoindenter; (b) Indentation depth extracted from the 
nanoindenter measurements: the coated ploymer film (index~1.2) exhibits slightly better scratch 
resistance under a low indentation force (0-10 µN), however, under a high force (0-200 µN), the 




Figure 3.9 Transmission data of both (a) plano-convex and (b) ball lenses before (black) and 
after (red) etching; (c) I-V curves and (d) efficiency enhancements of 3J cell using two-stage 














Figure 3.11 I-V data of both (a) a Fresnel lens and (b) a mirolens array couple to 3J cells before 






Figure 3.12 Relative transmission spectra of etched surfaces formed on both sides of the 
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Chapter 4  
Spectrum Splitting Concentrator Based on the Dispersion of a Lens 
 
The majority of the text and figures presented in this chapter is reproduced with 
permission from the publication: He, J., Flowers, C.A., Yao, Y., Atwater, H.A., Rockett, A.A. 
and Nuzzo, R.G., A Compact Spectrum Splitting Concentrator for High Concentration 
Photovoltaics Based on the Dispersion of a Lens. Journal of Optics 2018 20, 06LT01. 
 
4.1 Abstract 
Photovoltaic devices used in conjunction with functional optical elements for light 
concentration and spectrum splitting are known to be a viable approach for highly efficient 
photovoltaics. Conventional designs employ discrete optical elements, each with the task of 
either performing optical concentration or separating the solar spectrum. In the present work, we 
examine the performance of a compact photovoltaic architecture in which a single lens plays a 
dual role as both a concentrator and a spectrum splitter, the latter made possible by exploiting its 
intrinsic dispersion. A four-terminal two-junction InGaP/GaAs device is prepared to validate the 
concept and illustrates pathways for improvements. A spectral separation in the visible range is 
demonstrated at the focal point of a plano-convex lens with a geometric concentration ratio of 






4.2 Introduction  
The concentration of solar radiation for use with photovoltaics has been extensively 
studied due to the fact that the efficiencies of these devices increase logarithmically with light 
intensity, thus representing a significant pathway through which to realize improvements in 
performance. Perhaps as importantly, high concentration ratios potentially allow the use of more 
expensive but higher performance materials or difficult-to-produce photovoltaic device designs. 
One notable example is the use of multijunction (MJ) solar cells [1], which employ multiple 
bandgaps for broad spectrum absorption and reduced thermalization losses. A classic theoretical 
study, for example, shows that such devices can achieve efficiencies up to 85% with an infinite 
number of junctions [2]. While it is impossible to have an infinite number of junctions, studies 
have been reported on systems reaching very high efficiencies by employing three or more 
different subcells [3-5].  These solar cells are typically made from III-V semiconductor alloys 
(such as GaInP, GaAs and InP) whose bandgaps can be easily tailored by alloy composition 
tuning [6]. With progress in understanding and perfecting solar cell device physics [7, 8] along 
with improving upon the optical performance of solar cells [9-11], it is now possible to create MJ 
solar cells with a record cell efficiency of 46% (GaInP/GaAs; GaInAsP/GaInAs, 508X) that 
further illustrate realistic pathways to the 50% milestone [12, 13].  
The multijunction devices used in concentrating systems are typically monolithically-
integrated tandem stacks epitaxially grown on GaAs or Ge substrates [14, 15]. Unfortunately, 
monolithically-integrated MJ devices often constrain the material choice to lattice-matched 
alloys and require current matching of the included junctions; the latter constraint further 
restricts the materials used and increases their sensitivity to changes in the solar spectrum as 
occur innately during the course of the day. Ideally, one would use separate junctions with 
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independent contacts to harvest different parts of the solar spectrum. An ideal MJ device might 
therefore have three or four (or even more [16]) rather than two contacts, allowing the current 
and voltage of the individual junctions to be optimized independently.  
One of the major problems with multi-terminal MJ photovoltaics is how to split the solar 
spectrum to illuminate the different junctions with different portions of the spectrum appropriate 
to the bandgap of the individual subcells. One example employs a mechanically-integrated 
tandem stack in which subcells with individual contacts are bonded by insulating adhesives [17-
20]. This configuration, however, may require complicated back contact grid processing, or 
epitaxy of a highly conductive wide-bandgap layer for lateral current transport, both of which 
remain technological challenges [6, 21-24]. Splitting of the solar spectrum, therefore, is more 
frequently done with a beam splitting element (dichroic/interference [16, 25], rugate [26], 
diffractive [27, 28] or dispersive [29]) while the concentration of light is done separately with a 
lens [30] or mirror [31]. This approach, while bearing great promise of achieving ultrahigh 
efficiencies [32], has two disadvantages: the complexity of the beam-splitting and lens optics, 
and limited transmission or reflection in the individual optical elements. In addition, beam 
splitting elements are generally angle-sensitive and impose a practical limit on the range of 
acceptance/exit angles within which the concentrators operate, which in turn significantly 
constrains the concentration ratios to values far below 1000X. Finally, chromatic aberration is an 
intrinsic feature of all lenses that limits the ability of conventional concentrators to provide a 
spectrally uniform illumination on a photovoltaic device [33, 34]. 
Here we propose, model, and demonstrate a proof of concept for a solar concentrator 
combined with a spectrum splitter based on using chromatic aberration to produce both the 
focusing and the spectrum splitting in one optical element. The demonstration includes the use of 
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a four-terminal two-junction photovoltaic collector with which we present data on optimization 
of the placement of the two photovoltaic junctions relative to the focusing lens. Our results show 
that a spectral separation with controlled optical loss can be realized by proper design of the solar 
converters. Ultra-high concentration is inherent in this architecture, making it a potential 
compact/low-cost candidate for bettering the full spectrum utilization of solar energy. 
 
4.3 Numerical Analysis 
Bulk dielectric materials obey normal dispersion in which refractive index decreases with 
increasing wavelength. In optics, this phenomenon gives rise to the chromatic aberration of a 
lens, with a short focal length for the “blue photons” and a longer one for the “red”. To 
understand how this phenomenon can be used for spectrum splitting, two proxy subcells (InGaP, 
GaAs) are chosen to examine the effect, as illustrated in Figure 4.1(a). Here the cells are 
separated by a distance corresponding to a difference in focal length: the InGaP subcell closer to 
the lens has a wide bandgap (1.88 eV) to collect the blue photons while the GaAs subcell further 
along the optical axis has a narrower bandgap (1.41 eV) to collect the red photons. 
To numerically model the system, we consider a transparent thin lens with a radius of 𝑅, 











where f(λ) is its focal length, n(λ) is the refractive index of the lens material, and R1 and R2 are 
the radii of curvature of the lens surfaces. Dividing f(λ) by a focal length of a specific wavelength 
(here we use the Fraunhofer D-spectral line with 𝑓 ≡ 𝑓(589 𝑛𝑚),  𝑛 ≡ 𝑛(589 𝑛𝑚)) yields a 








Two circular subcells (InGaP with a radius r at a distance z and GaAs) are placed along the 
optical axis to collect the split illumination from the collimated beam normal to the lens. For the 
GaAs cell, its size is not specified but assumed to be large enough to collect all the rays that have 
a focal length longer than z and that pass by the edges of the InGaP subcell. We assume the 
InGaP subcell is opaque on the rear terminus (equivalent to full back metallization) to 
differentiate the design from traditional tandem stacks, in which the top subcell is optically 
transparent to the bottom subcell (a design that requires either complicated back contact grids or 
growth of a wide bandgap lateral conduction layer, as are discussed in the introduction section).  
An analysis based on geometrical optics (see Table 4.1 for details) shows that the optical 
efficiencies of the subcells, OEInGaP(λ) and OEGaAs(λ) (defined as the fraction of light at a certain 
wavelength that falls onto a specific subcell), are governed by three parameters: a) n(λ); b) 
normalized InGaP subcell position z/f0; and c) the InGaP geometric concentration factor R2/r2. 
Figure 4.1(b) shows a numerical simulation of the optical efficiencies for the system using: a) 
dense flint glass material, SF5; b) z/f0 = 0.9637; and c) R2/r2 = 4289, where the sharp spectral 
cutoff occurs at ~520 nm. Two notable optical losses are evident in the plot, each occurring at 
the two ends of the InGaP absorption window. At the high-energy end, part of the UV photons 
(below 420 nm) are lost due their short focal length, making the beam diverge before reaching 
the InGaP cell. At the low-energy end, red photons incident on the InGaP cell are not transmitted 
to the GaAs subcell for photovoltaic conversion due to its opacity in this frequency range. In 
addition, a voltage loss exists when the GaAs subcell absorbs photons with energies higher than 
the InGaP band edge (i.e., photons below 660 nm).  
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The two loss avenues (optical, voltage) mentioned above actually correspond to two 
attributes that underlie a good spectrum splitting system: 1) high overall optical efficiency and 2) 
sharp spectral band separation at the desired band edge. These two attributes can be gauged 
together by measuring the proportion of light that falls to a subcell with a matching bandgap, 
defined as the spectral separation factor (SSF) by the following equation: 
𝑆𝑆𝐹
≡
∫ 𝑂𝐸 (𝜆; 𝑛, 𝑧/𝑓 , 𝑅 /𝑟 ) 𝑑𝜆
 
 








where 660 nm and 880 nm correspond to the absorption cutoffs of the InGaP and GaAs solar 
cells. “Perfect” spectrum splitting corresponds to an SSF value of 1, while a homogenous 
spectral distribution with unit transmittance corresponds to an SSF value of 0.5. Modelling was 
carried out to optimize the refractive index n(λ) and geometric parameters (z/f0 and R2/r2) with 
respect to SSF, as shown in Figures 2(a)-(c). The SSF for three different common glass materials 
(dense flint glass SF5, SF6, and borosilicate crown glass BK7) with different dispersion 
properties (denoted by Abbe number, a smaller Abbe number corresponding to higher dispersion, 
see Figure 4.3) can all be optimized to near 0.8 by tuning the InGaP cell position z/f0 (within 5% 
of the focal length) and geometric concentration factor R2/r2. The result shows that the system 
can indeed act as an effective spectrum splitter, though not an ideal one (SSF < 1).   
The total energy conversion efficiency (η) under the AM 1.5 D solar spectrum for the 
above-mentioned lens materials with different dispersion properties are also calculated as a 
function of z/f0 and R2/r2: 
 𝜂 =








where Φ is the spectral photon flux, EQE the measured external quantum efficiency of the two 
proxy solar microcells (see Figure 4.6(a) or Chapter 4.7 and 4.8), and h, c, and q are Planck’s 
constant, the speed of light and the electron charge, respectively. The one-sun values (see Figure 
4.5(b) and (c)) of the open-circuit voltage, Voc, and fill factor, FF, were used in all cases so that 
the calculated efficiency gain benefits only from the spectrum splitting but not optical 
concentration. The contour maps in Figure 4.2(d)-(f) illustrate the η values as a function of z/f0 
and R2/r2 for all three glass materials. Notice that the SSF map does not strictly align with the η 
map because the EQEs of the subcells are not perfect step functions, and thus different irradiance 
weight of the solar spectrum differentiates the η map from the SSF map. The contour lines 
highlighted on the η maps encircle the configuration space where the η exceeds the individual 
efficiencies of the unintegrated InGaP (8.72%) or GaAs (13.2%) subcell. Marginal efficiency 
enhancements resulting from the spectral band redistribution were achieved (by 0.2% to 0.4%) 
for the three glasses under consideration. The contour map shows that a high efficiency system 
necessitates a high InGaP geometric concentration ratio as well as precise spatial positioning (i.e. 
z/f0) of the subcell. It is interesting that the maximum efficiencies (ηmax) obtainable for these 
glass materials are very similar (13.45% to 13.58%, shown in the inset box) regardless of the 
degrees of dispersion of the materials. Even though the InGaP concentration ratios (R2/r2) 
required for efficient spectrum splitting vary with different materials, they all lie in the ultra-high 
concentration (>2000x) region where conventional spectrum splitting optics are rarely used. For 
practical reasons, highly dispersive materials are preferred because they require a lower and 





4.4 Proof-of-Concept Demonstration 
To demonstrate the concept in a realistic setting, we employed a commercial aspheric 
plano-convex lens (Edmund Optics, Ø 15 mm, effective focal length 9 mm) made of the highly 
dispersive material, SF5. Test InGaP (1.88 eV) and GaAs (1.41 eV) microcells were prepared 
with optimized lateral dimensions of 400 × 400 µm2 and 650 × 650 µm2, respectively (see ray 
tracing in Figure 4.4). The detailed process flow and cell performance data are documented in 
the Chapter 4.7 and 4.8. In brief, the solar microcells were first fabricated on chip by the 
standard microfabrication processes. Using techniques of epitaxial liftoff [35, 36] and transfer-
printing [37, 38], the microcells were subsequently integrated onto a glass substrate with 
patterned metal filament electrodes, as shown in Figure 4.5(a). Their experimental 1-sun and 
250-sun J-V performances under a simulated AM 1.5 G solar spectrum are plotted in Figures 
4.5(b) and (c). Even though the microcells suffer from parasitic resistance under high current 
densities, fill factors are maintained above 0.7 up to 250X. The two subcells were subsequently 
stacked together using an index-matched optical adhesive with an optimized spatial gap of 1 mm 
(see ray tracing in Figure 4.4), whose photo image is shown in the lower panel of Figure 4.5(a).  
The geometric concentration relative to the InGaP subcell is 1104X, lower than the simulated 
optimum (> 2000X). Assuming an incoming radiation that matches the AM 1.5 D solar spectrum 
with a divergence half-angle of 0.25° and no Fresnel losses on all interfaces, the incident photon 
flux densities on the two subcells were determined by ray tracing (LightTools, Synopsys), as 
shown in Figure 4.6(a) together with the EQEs of the two subcells. The spectral separation is 
evident in the plot, with a computed SSF of 0.59. The relatively limited SSF value is due to 
optical losses associated with the low concentration factor, as some low energy photons spanning 
from 660 to 800 nm (9% of the photon flux between 300 nm and 900 nm) are blocked by the 
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InGaP subcell. Other factors, including tracking errors and non-ideal light sources (i.e. 
divergence angle larger than 0.25°) will further decrease SSF (see Figure 4.7 and 4.8).  
The optimum placement of the four-terminal two-junction photovoltaic collector relative 
to the lens is determined by scanning the device along the optical axis until maximum power 
output is read. This is accomplished by illuminating the device with a simulated AM 1.5 D 
spectrum on a custom-made positional irradiance measurement system (PIMS) [39] which is 
comprised of four motorized stages to provide precise control of the displacement of the device, 
defined as the distance between the InGaP cell and a fixed position along the optical axis. (A 
larger displacement corresponds to a greater distance of the device from the lens.) Figure 4.6(b) 
shows the power output of the device as it moves along the optical axis by a step distance of 0.1 
mm. The power output for the GaAs and InGaP subcells peaks at displacements of 1.5 mm and 
2.1 mm, respectively, whereas the optimum displacement is found to be 1.7 mm. The experiment 
results agree very well with the simulations, with corresponding peaks appearing at nearly 
identical displacements.  
To locally detect the spectral separation at the focal point, an InGaP/InGaP mechanically 
stacked device was prepared. It resembles the InGaP/GaAs counterpart except that the lower 
subcell is replaced by an InGaP subcell with identical lateral dimensions. Figure 4.6(c) shows a 
comparison of the Jsc of the lower subcells for these two devices as a function of displacement. 
Their distinct Jsc peak positions further confirm the spectrum splitting effect. Given that the SSF 
value is not easy to obtain experimentally, we use instead the Jsc ratio between the two bottom 
subcells (GaAs to InGaP) to evaluate the degree of spectral separation. A higher Jsc ratio 
indicates a higher current in the GaAs device due to an incident spectrum with more red photons 
on the lower subcell. As a reference, the Jsc ratio between the unintegrated GaAs and InGaP 
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subcells is 1.4 under the simulated AM 1.5 D solar spectrum. In the range of small displacement 
(< 1.3 mm, i.e. the stacked subcells are very close to the lens), the Jsc ratio (~1.5) remains close 
to the reference value, indicating that the lower subcells in the two device configurations receive 
similar spectra. However, at a displacement of 1.7 mm, where the maximum power output occurs 
for the InGaP/GaAs device, the current ratio increased to 2.4, indicating effective spectrum 
splitting. The experimental Jsc ratios match well with those calculated by ray tracing, which 
predicts an SSF of 0.57 at the optimum displacement (see Figure 4.9). 
The experiment successfully demonstrates that the lens projects an inhomogeneous 
spectrum along the optical axis. At the designed maximum power output placement, the 
photovoltaic collector receives a spectrum that has a heavier weight on its red end in the lower 
subcell. The close alignment of experimental and simulated data validates the simulation results 
showing that a concentrator and spectrum splitter can be combined in one optical element.  
The architecture reported here differs from the otherwise similar mechanical stacks 
(which also provide multiple terminals but require sub-bandgap transmission of the top junction) 
by its unique potential of inclusion of a back metallic reflector to each junction. It has been 
known that the back reflector can significantly boost the Voc of the device by recycling 
luminescent photons. More importantly, it potentially enables far better electrical and thermal 
management to the device operating at high concentration values. Series resistance is perhaps the 
single most important factor that limits CPV from achieving even higher optical concentrations. 
Even the best cells available today see a roll-off in the fill factor at a few hundred suns due to the 
series resistance. A fully metalized surface, however, provides the best electrical contacts that 
affords the use of the high concentration that would otherwise be extremely challenging for 
mechanically stacked cells. A back mirror also greatly facilitates heat transfer, another factor that 
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deserves careful evaluation in the design of CPV systems. In principle, this simple architecture 
can support additional bandgaps and spectral bands for further improvement. We also note that 
photonic designs, such as subwavelength gratings, could be employed directly on the lens to 
facilitate frequency-selective splitting. The multi-terminal MJ cell configuration supported by 
this concentrator also provides a platform for the deployment of the most advanced MJ cell 
designs that employ air gaps or selective mirrors for efficient photon recycling and radiative 
coupling [10, 40]. These benefits, however, must be weighed against the shadow loss brought 
about by the top junction and the consequent requirements for fully optimized cells that are 
required to support operation at high levels of optical concentration.  
 
4.5 Conclusion 
We demonstrate a proof-of-concept concentrator that produces both focusing and 
spectrum splitting in one optical element based on the chromatic aberration of a lens. The 
conceptual framework is simple, and a numerical model has been proposed to describe its 
essential operational properties. A four-terminal two-junction photovoltaic collector was 
prepared following this design rule using epitaxial lift-off and transfer-assembly techniques. 
Preliminary experimental results show the spectral band separation to be in close agreement with 
the simulation, confirming the proposed architecture as a viable spectrum splitting system for 
high concentration applications.  
 
4.6 Methods 
Fabrication of InGaP and GaAs solar microcells. Details can be found in Chapter 2.7 
and Chapter 2.8. 
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InGaP/GaAs and InGaP/InGaP device Integration. The GaAs microcell device on glass 
with thin adhesive (NOA61, Norland Products) was aligned and bonded to the rear glass surface 
of an InGaP microcell using a mask aligner and subsequent photocuring. Fabrication of the lower 
InGaP solar microcell in the InGaP/InGaP device followed the procedures in Chapter 2.8 and the 
wet etching recipes in Chapter 2.7. The InGaP/InGaP integration is the same as described for 
InGaP/GaAs device.  
Device characterization. The device was mounted on a home-made positional irradiance 
measurement system (PIMS) which consists of three linear and one rotational stages. The 
photovoltaic characteristics were measured using a source meter (Keithley 2440 SMU) and a 
1000 W full spectrum xenon arc lamp solar simulator (ABET Sun 2000). A custom-made 
broadband mirror was used to guide the beam across the room to the PIMS, where the irradiance 
was calibrated to be 37.88 mW/cm2 based the Jsc of the InGaP subcell in the InGaP/GaAs device. 
Ray-tracing simulation in Figure 4.6(b) and (c)  was corrected for the spectral irradiance and 1.3° 
half-angle divergence of the solar simulator, actual contact shading and effective area of the 
subcells, as well as the fill factors of the microcells measured at similar current densities. 
 
4.7 Fabrication and Assembly of Ultrathin InGaP Solar Microcells 
Figure 4.10 shows the schematic epitaxial layers of the source wafer. Figure 4.11 shows 
the epitaxial structure as well as the lateral dimensions of the microcell. Figure 4.12 shows a 
schematic overview of the fabrication process. Figure 4.13 and 4.14 show the electrical 





4.7.1 Cleaning  
The process started with the source wafer that are formed by epitaxial growth of materials 
on a gallium arsenide (GaAs) substrate via metal-organic chemical vapor deposition (MOCVD). 
The detailed structure includes the GaAs substrate, an Al0.96Ga0.04As sacrificial layer, an 
In0.5Ga0.5P supporting layer, a p-GaAs contact layer, a p-Al0.25In0.5Ga0.25P back surface field 
layer, a p-In0.5Ga0.5P base, a n-In0.5Ga0.5P emitter, a n-Al0.25In0.5Ga0.25P window layer and a n-
GaAs contact layer, as shown in Figure 4.10. The wafer was cleaved into a ½ in × ½ in piece by 
a diamond scribe and sonicated in an acetone bath for 3 minutes to remove remaining fragments. 
It was later cleaned with acetone, isopropyl alcohol (IPA) and deionized (DI) water prior to 
photolithography process.  
 
4.7.2 Mesa Wet Etching I 
The cleaned source wafer was subject to the standard photolithography processing to 
define the lateral dimension of the solar microcells (μ-cells): 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
Spin-coat AZ5214-E (AZ Electronic Materials) at 3000 rpm for 30 sec 
Softbake at 110°C for 60 sec 
Expose 135 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner) 
Develop in AZ 917MIF developer for ~ 60 sec 
O2 descum (150 mTorr, 250 W) for 60 sec 
The epitaxial layers not covered by the photoresist were then removed by a two-step 
mesa wet etching. The n-GaAs contact layer was removed by a H3PO4/H2O2/H2O (1:12:13)-
based solution at room temperature for ~6 s. The n-Al0.25In0.5Ga0.25P window layer, the p-
In0.5Ga0.5P base, the n-In0.5Ga0.5P emitter and the p-Al0.25In0.5Ga0.25P back surface field layer 
were removed by concentrated HCl at room temperature for ~70 sec to expose the p-GaAs 
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contact layer. The photoresist was stripped away with acetone and the wafer was again cleaned 
by acetone, IPA and DI water for the next photolithography step.  
 
4.7.3 Mesa Wet Etching II 
 The cleaned wafer was subject to another photolithography processing to define the 
peripheral bottom contact area of the μ-cells. The processing recipe was identical as above. The 
uncovered p-GaAs contact layer was removed by the H3PO4/H2O2/H2O (1:12:13)-based solution 
at room temperature for ~2 s. The In0.5Ga0.5P supporting layer was removed by concentrated HCl 
at room temperature for ~50 s in order to expose the Al0.96Ga0.04As sacrificial layer. The 
photoresist was stripped away with acetone and the wafer was again cleaned by acetone, IPA and 
DI water for the next photolithography step.  
 
4.7.4 Contact Deposition 
 The cleaned wafer was subject to a third photolithography processing for both n- and p-
contact deposition: 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
Spin-coat AZ2020 (AZ Electronic Materials) at 3000 rpm for 30 sec 
Softbake at 110°C for 60 sec 
Expose 12 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner) in hard contact 
Post exposure bake at 110°C for 45 sec 
Develop in AZ 917MIF developer for ~ 90 sec 
O2 descum (150 mTorr, 250 W) for 60 sec 
The wafer was immersed in diluted HCl solution (1:10) for 60 sec to remove the native 
oxide and dried with nitrogen gas. The Ti(30 nm)/Au(200 nm) contact fingers (10 μm wide) and 





4.7.5 Window Opening 
 The bottom p-GaAs contact layer was protected by photoresist before removal of the n-
GaAs contact layers on the active μ-cell islands for window opening: 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
Spin-coat AZ5214-E (AZ Electronic Materials) at 3000 rpm for 30 sec 
Softbake at 110°C for 60 sec 
Expose 135 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner) 
Develop in AZ 917MIF developer for ~ 60 sec 
O2 descum (150 mTorr, 250 W) for 60 sec 
The wafer was immersed in the H3PO4/H2O2/H2O (1:12:13)-based solution at room 
temperature for ~6 s to expose the n-Al0.25In0.5Ga0.25P window layers of the μ-cells. 
 
4.7.6 Epitaxial Liftoff  
 The active islands of μ-cells on the wafer were protected by a layer of photoresist prior to 
the epitaxial liftoff: 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
Spin-coat SPR220 (MEGAPOSIT, Dow) at 3000 rpm for 40 sec 
Softbake at 110°C for 60 sec 
Expose 153 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner)  
Develop in AZ 917MIF developer for ~ 90 sec 
Post exposure bake at 110°C for 45 sec 
Develop in 1:5 AZ400K (AZ Electronic Materials) for 25 sec 
O2 descum (150 mTorr, 250 W) for 60 sec 
Hardbake at 125°C for 20 min  
The wafer was immersed in the diluted HF (HF:EtOH 1:1.5) solution for ~30 min to fully 
undercut the μ-cells. DI water was used to rinse the wafer. The μ-cells were released and slightly 
displaced on the wafer but not washed away because of the patterned photoresist masks on top.  
 
4.7.7 Transfer Printing 
 The receiving substrate was made by spin-coating a UV curable epoxy (SU8 2002, 
MicroChem) on a pre-cleaned glass slide (1 in × 1 in × 1 mm) at 3000 rpm for 30s, followed by a 
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brief hot plate bake (90°C, 30s) to drive off excess solvent. Microcell was selectively picked up 
by a PDMS (precursor to initiator 10:1, Sylgard 184, Dow Corning) stamp with the pyramidal 
structure and printed on the receiving substrate with the translation stage of the Karl Suss MJB3 
contact mask aligner. By applying appropriate pressure on the inked stamp to the substrate, the 
μ-cell was conformably released onto the substrate surface.  
 After transfer printing, the sample was immediately exposed to UV (365 nm, 72 mJ/cm2) 
on both sides and baked at 110°C for 10 min to fully cure the epoxy. Remaining SPR220 
photoresist masks were removed by acetone and O2 RIE (150mT, 500W, ~1 min). 
 
4.7.8 Planarization 
 The μ-cell was ~3 μm in height on the substrate and the sample was planarized by a ~1 
μm thick layer of SU8 epoxy through shadow mask: 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
 O2 RIE (250 mTorr, 50 W) for 60 sec to activate the epoxy surface 
Spin-coat SU8 2000.5 (MicroChem) at 800 rpm for 30 sec 
Softbake at 90°C for 60 sec 
Expose 45 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner)  
Post exposure bake at 90°C for 60 sec 
Develop in SU8 developer for ~ 80 sec 
Additional step of O2 RIE (150mT, 500W, ~3 min) was needed if residue epoxy was 
observed on the μ-cell. 
 
4.7.9 Encapsulation I 
 One side of the bottom contact was protected by a layer of epoxy to prevent shortening 
upon interconnection: 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
 O2 RIE (150 mTorr, 250 W) for 60 sec to activate the epoxy surface 
Spin-coat SU8 2002 (MicroChem) at 3000 rpm for 30 sec 
107 
 
Softbake at 90°C for 60 sec 
Expose 63 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner)  
Post exposure bake at 90°C for 70 sec 
Develop in SU8 developer for ~ 80 sec 
This also served to planarize the μ-cell on the n-interconnection side.   
 
4.7.10 Encapsulation II 
 Both n- and p-GaAs contact layer was encapsulated by a thin layer of epoxy to prevent 
low shunt resist upon interconnection:  
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
 O2 RIE (150 mTorr, 250 W) for 60 sec to activate the epoxy surface 
Spin-coat SU8 2000.5 (MicroChem) at 2000 rpm for 30 sec 
Softbake at 90°C for 60 sec 
Expose 30 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner)  
Post exposure bake at 90°C for 60 sec 
Develop in SU8 developer for ~ 80 sec 
Hardbake at 110°C for 10 min 
The sample was subject to O2 RIE (150mT, 500W, ~3 min) to clean up any residue epoxy 
on the contact pads and create rounded angles on the epoxy edges.  
 
4.7.11 Interconnection 
 External contact arms were lithographically defined by AZ 2070 photoresist: 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
Spin-coat AZ 2070 (AZ Electronic Materials) at 3000 rpm for 30 sec 
Softbake at 110°C for 60 sec 
Expose 45 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner)  
Post exposure bake at 110°C for 70 sec 
Develop in SU8 developer for ~ 3 min 
Cr(30 nm)/Cu(800 nm)/Au(30nm) external contact arms and contact pads were created 




4.7.12 InGaP Solar Microcell Characterization 
  I-V characteristics of the InGaP solar µ-cells were measured with a source meter 
(Keithley, Model 2400) under a full-spectrum solar simulator (Model 91192, Oriel) with AM 
1.5G filter calibrated to 1000 W/m2 at room temperature using a Si reference cell (Model 
91150V, Newport-Oriel). Measurements under solar concentration were obtained by placing a 
plano-convex lens (Model LA1740, Thorlabs) in the beam path. Different concentration ratios 
(calculated based on current densities) were obtained by translating the lens vertically. EQE 
measurements were taken using an OL750 spectroradiometer with results normalized to 
percentage based on device performance measured under AM 1.5G solar spectrum.  
 
4.8  Fabrication and Assembly of Ultrathin GaAs Solar Microcells 
Figure 4.15 shows the schematic epitaxial layers of the source wafer. Figure 4.16 shows 
the epitaxial structure as well as the lateral dimensions of the microcell. Figure 4.17 shows a 
schematic overview of the fabrication process. Figure 4.18 and 4.19 show the electrical 
performance of the device.  
 
4.8.1 Cleaning  
The process started with the source wafer that are formed by epitaxial growth of materials 
on a gallium arsenide (GaAs) substrate via metal-organic chemical vapor deposition (MOCVD). 
The detailed structure includes the GaAs substrate, an Al0.95Ga0.05As sacrificial layer, an 
In0.5Ga0.5P supporting layer, a p-GaAs contact layer, a p-Al0.30Ga0.70As back surface field layer, a 
p-GaAs base, a n-GaAs emitter, a n-In0.50Ga0.50P window layer and a n-GaAs contact layer, as 
shown in Figure 4.15. The wafer was cleaved into a ½ in × ½ in piece by a diamond scribe and 
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sonicated in an acetone bath for 3 minutes to remove remaining fragments. It was later cleaned 
with acetone, isopropyl alcohol (IPA) and deionized (DI) water prior to photolithography 
process.  
 
4.8.2 Mesa Wet Etching I 
The cleaned source wafer was subject to the standard photolithography processing to 
define the lateral dimension of the solar microcells (μ-cells): 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
Spin-coat AZ5214-E (AZ Electronic Materials) at 3000 rpm for 30 sec 
Softbake at 110°C for 60 sec 
Expose 135 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner) 
Develop in AZ 917MIF developer for ~ 60 sec 
O2 descum (150 mTorr, 250 W) for 60 sec 
The epitaxial layers not covered by the photoresist were then removed by a four-step 
mesa wet etching. The n-GaAs contact layer was removed by a H3PO4/H2O2/H2O (1:12:13)-
based solution at room temperature for ~6 s. The n-In0.5Ga0.50P window layer were removed by 
concentrated HCl at room temperature for ~2 s. The n-GaAs emitter, the p-GaAs base and the p-
Al0.30Ga0.70As back surface field layer were removed by H3PO4/H2O2/H2O (1:12:13)-based 
solution, followed by concentrated HCl to remove the In0.5Ga0.5P supporting layer. The 
photoresist was stripped away with acetone and the wafer was again cleaned by acetone, IPA and 
DI water for the next photolithography step.  
 
4.8.3 Contact Deposition 
 The cleaned wafer was subject to another photolithography processing for both n-contact 
deposition: 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
Spin-coat AZ2020 (AZ Electronic Materials) at 3000 rpm for 30 sec 
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Softbake at 110°C for 60 sec 
Expose 12 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner) in hard contact 
Post exposure bake at 110°C for 45 sec 
Develop in AZ 917MIF developer for ~ 90 sec 
O2 descum (150 mTorr, 250 W) for 60 sec 
The wafer was immersed in diluted HCl solution (1:10) for 60 sec to remove the native 
oxide and dried with nitrogen gas. The Ti(30 nm)/Au(200 nm) contact fingers (10 μm wide) and 
contact pads were formed by e-beam evaporation and photoresist liftoff in acetone.  
 
4.8.4 Window Opening 
The wafer was immersed in the H3PO4/H2O2/H2O (1:12:13)-based solution at room 
temperature for ~6 s to expose the n-In0.5Ga0.50P window layers of the μ-cells. 
 
4.8.5 Epitaxial Liftoff  
 The active islands of μ-cells on the wafer were protected by a layer of photoresist prior to 
the epitaxial liftoff: 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
Spin-coat SPR220 (MEGAPOSIT, Dow) at 3000 rpm for 40 sec 
Softbake at 110°C for 60 sec 
Expose 153 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner)  
Develop in AZ 917MIF developer for ~ 90 sec 
Post exposure bake at 110°C for 45 sec 
Develop in 1:5 AZ400K (AZ Electronic Materials) for 25 sec 
O2 descum (150 mTorr, 250 W) for 60 sec 
Hardbake at 125°C for 20 min  
The wafer was immersed in the diluted HF (HF:EtOH 1:1.5) solution for ~65 min to fully 
undercut the μ-cells. DI water was used to rinse the wafer. The μ-cells were released and slightly 





4.8.6 Selective Pickup and Contact Deposition 
The microcell was selectively picked up by a PDMS (precursor to initiator 10:1, Sylgard 
184, Dow Corning) stamp with the pyramidal structure and printed on the receiving substrate 
with the translation stage of the Karl Suss MJB3 contact mask aligner. The back surface of the 
microcell was cleaned by acetone, IPA and DI water before the In0.5Ga0.50P supporting layer 
being removed by concentrated HCl. The Au back contact was deposited by e-beam evaporation. 
The excess gold on the stamp was carefully removed using Kapton tape. 
 
4.8.7 Transfer Printing 
 The receiving substrate was made by spin-coating a UV curable epoxy (SU8 2002, 
MicroChem) on a pre-cleaned glass slide (1 in × 1 in × 1 mm) at 3000 rpm for 30s, followed by a 
brief hot plate bake (90°C, 30s) to drive off excess solvent. By applying appropriate pressure on 
the inked stamp to the substrate, the μ-cell was conformably released onto the substrate surface.  
 After transfer printing, the sample was immediately exposed to UV (365 nm, 72 mJ/cm2) 
on both sides and baked at 110°C for 10 min to fully cure the epoxy. Remaining SPR220 
photoresist masks were removed by acetone and O2 RIE (150mT, 500W, ~1 min) 
 
4.8.8 Mesa Wet Etching II 
The transfer-printed solar microcells were subject to another lithographic wet etching to 
strip away the outer sidewall and expose the back contact: 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
Spin-coat AZ5214-E (AZ Electronic Materials) at 3000 rpm for 30 sec 
Softbake at 110°C for 60 sec 
Expose 135 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner) 
Develop in AZ 917MIF developer for ~ 60 sec 
O2 descum (150 mTorr, 250 W) for 60 sec 
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The epitaxial layers not covered by the photoresist were then removed by a two-step 
mesa wet etching. The n-In0.5Ga0.50P window layer was removed concentrated HCl; the p-GaAs 
contact layer, the p-Al0.30Ga0.70As back surface field layer, the p-GaAs base and the n-GaAs 
emitter were subsequently removed by the H3PO4/H2O2/H2O (1:12:13)-based solution. The 
photoresist was stripped away with acetone and the wafer was again cleaned by acetone, IPA and 
DI water. 
 
4.8.9 Encapsulation I 
 One side of the exposed back contact was protected by a layer of epoxy to prevent 
shortening upon interconnection: 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
 O2 RIE (150 mTorr, 250 W) for 60 sec to activate the epoxy surface 
Spin-coat SU8 2002 (MicroChem) at 1000 rpm for 30 sec 
Softbake at 95°C for 2.5 min 
Expose 36 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner)  
Post exposure bake at 95°C for 60 sec 
Develop in SU8 developer for ~ 80 sec 
 
4.8.10 Encapsulation II 
 The n-GaAs contact layer was encapsulated by a thin layer of epoxy to prevent low shunt 
resist upon interconnection:  
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
 O2 RIE (150 mTorr, 250 W) for 60 sec to activate the epoxy surface 
Spin-coat SU8 2000.5 (MicroChem) at 2000 rpm for 30 sec 
Softbake at 95°C for 60 sec 
Expose 32 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner)  
Post exposure bake at 90°C for 60 sec 
Develop in SU8 developer for ~ 80 sec 
Hardbake at 110°C for 10 min 
The sample was subject to O2 RIE (150mT, 500W, ~3 min) to clean up any residue epoxy 




 External contact arms were lithographically defined by AZ 2070 photoresist: 
Prebake at 110°C for 5 min and cool for 2 min at room temperature 
Spin-coat AZ 2070 (AZ Electronic Materials) at 3000 rpm for 30 sec 
Softbake at 110°C for 60 sec 
Expose 45 mJ/cm2 at 365 nm (Karl Suss MJB3 contact mask aligner)  
Post exposure bake at 110°C for 70 sec 
Develop in SU8 developer for ~ 3 min 
Cr(30 nm)/Cu(800 nm)/Au(30nm) external contact arms and contact pads were created 
by sputter deposition and photoresist liftoff in acetone.  
 
4.8.12 GaAs Solar Microcell Characterization 
  I-V characteristics of the GaAs solar µ-cells were measured with a source meter 
(Keithley, Model 2400) under a full-spectrum solar simulator (Model 91192, Oriel) with AM 
1.5G filter calibrated to 1000 W/m2 at room temperature using a Si reference cell (Model 
91150V, Newport-Oriel). Measurements under solar concentration were obtained by placing a 
plano-convex lens (Model LA1740, Thorlabs) in the beam path. Different concentration ratios 
(calculated based on current densities) were obtained by translating the lens vertically. EQE 
measurements were taken using an OL750 spectroradiometer with results normalized to 






Table 4.1 Calculation of the optical efficiencies of the two subcells for different spectral 
bands/focal length groups. 
Spectral band/Conditions for focal 
length 𝑓(𝜆) 𝑓⁄  
𝑂𝐸 (𝜆) 𝑂𝐸 (𝜆) 
𝑓(𝜆) 𝑓⁄ < 1 +
1
𝑅2/𝑟2
𝑧 𝑓⁄  
𝑓(𝜆) 𝑓⁄











𝑧 𝑓⁄  
1 0 
𝑓(𝜆) 𝑓⁄ > 1 −
1
𝑅2/𝑟2
𝑧 𝑓⁄  
𝑓(𝜆) 𝑓⁄













4.10 Figures  
 
Figure 4.1 (a) Schematic illustration of the concentrator architecture. “Blue photons” fall onto 
the InGaP subcell closer to the lens, while “red” photons pass by the edges of the InGaP subcell 
and fall onto the GaAs subcell. The InGaP subcell with a radius 𝑟 is placed at 𝑧 on the optical 
axis whilst GaAs subcell is placed further along the optical axis such that it is large enough to 
collect all the rays that have a focal length > z and which pass by the InGaP subcell. (b) A 
numerical example of the optical efficiencies of the InGaP subcell (blue) and GaAs subcell (red) 
for a lens made with dense flint glass (SF5), with an InGaP subcell position z/f0 = 0.9637 and 
geometric concentration ratio R2/r2 = 4289. Optical loss (green dashed line) is found at the two 




Figure 4.2 Contour plots of the spectral separation factor (SSF) and energy conversion efficiency 
(η) for three glass materials SF6 (a, d), SF5 (b, e) and BK7 (c, f) as a function of the InGaP cell 
position 𝑧/𝑓  and geometric concentration factor R2/r2. The contour lines (η > 13.2%) in plots 
(d), (e) and (f) encircle the configuration space where reduced thermal loss, resulting from 
spectral band separation, compensates the optical loss and creates a net positive efficiency boost 
compared to the unintegrated GaAs subcell (η = 13.2%). A high InGaP geometric concentration 
ratio (> 2000X) and precise spatial positioning (within 5% of the focal length f0) are required for 




Figure 4.3 Refractive index for three different glass materials. Data adapted from SCHOTT 






Figure 4.4 Selected photon flux densities on the two subcells showing the optimization of the 





Figure 4.5 (a) Optical images of the four-terminal two-junction photovoltaic collector. The 
upper images show the InGaP (left) and GaAs (right) subcells mounted on 1 mm-thick soda lime 
glass. The scale bars are 200 m in length. The lower image shows the mechanically stacked 
InGaP/GaAs device. J-V characteristics and schematic illustrations are shown for (b) the InGaP 
and (c) the GaAs subcells under 1X and 250X concentrations calculated based on the active 




Figure 4.6 (a) Simulated photon flux densities on the InGaP and GaAs subcells given the 
incident AM 1.5 D spectrum. The corresponding InGaP geometric concentration ratio is 1104, 
and the SSF is calculated to be 0.59. (b) Power output of the InGaP/GaAs device as it moves 
along the optical axis, with larger displacements corresponding to greater distances from the lens 
as indicated by the cartoon in the inset box. The blue lines and red lines represent power outputs 
from the InGaP and the GaAs subcell respectively, while the black lines represent the total 
output. The green dashed line highlights the optimum position (displacement = 1.7 mm) where 
the total power output is greatest. (c) Comparison of the Jsc of the lower subcells for the two 
device configurations, i.e. InGaP/GaAs (red) and InGaP/InGaP (blue). Different peak positions 
conform to dispersion along the optical axis. The Jsc ratio (black) increased from 1.5 to 2.4 at the 
optimum position (displacement = 1.7 mm), demonstrating the lower subcell receives a spectrum 









Figure 4.8 Simulated optical efficiencies for different collimation half angles of the incident 

















Figure 4.11 Schematic illustration of the InGaP solar microcell. (a) Cross section of the µ-cell 
with detailed epitaxial layers; (b) lateral dimensions of the µ-cell; (c) Cross section of the µ-cell 












Figure 4.13 (a) Optical images of the interconnected µ-cell with scale bar corresponds to 200 






Figure 4.14 Electrical performance of the InGaP solar µ-cell under concentrations. * calculated 











Figure 4.16 Schematic illustration of the GaAs solar µ-cell. (a) Cross section of the microcell 
with detailed epitaxial layers; (b) lateral dimensions of the µ-cell; (c) Cross section of the µ-cell 













Figure 4.18 (a) Optical images of the interconnected microcell with scale bar corresponds to 200 






Figure 4.19 Electrical performance of the GaAs solar µ-cell under concentrations. * calculated 
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Chapter 5  
Tandem Luminescent Solar Concentrator Photovoltaic System 
 
5.1 Introduction  
In the previous chapters, discussions are mainly centered on solar concentration by means 
of passive/geometrical optics, such as refractive lenses and reflective mirrors. In this chapter, I 
will focus on an alternative means of solar concentration, using active optical instruments to 
convert and concentrate sunlight.  
Luminescent solar concentrators (LSCs) were proposed originally as a response to high 
semiconductor and energy prices in the 1970’s [1-6]. Early enthusiasm was followed by a near-
abandonment of the research due to the drop in oil prices in the 1980’s [7]. Recent revitalized 
research on LSCs has been driven not only by increased awareness of the adverse effects of 
traditional fossil fuels, but also by material research that overcomes certain imperfection of the 
luminophores [8-11] and device architectures that could potentially enable operation at high 
concentration regimes [12-14].  
The operation principle of LSCs is depicted in the Figure 5.1. The plastic planar 
waveguide is doped with luminescent molecules that down-converts high energy photons (hν1) to 
lower energy photons (hν2). When sunlight transmits through the top surface of the waveguide, it 
will be absorbed and reemitted by the luminophores at a random orientation. A portion (~25%) 
of the reemitted photons will escape from the waveguide if they are within the escape cone 
confined by the critical angle dictated by the Snell’s law (i.e., θc=sin-1(1/n)). Ideally the rest of 
the photons (~75%) will be trapped in the waveguide via total internal reflection (TIR). The real-
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world situation is far more complicated than the idealized picture, because the waveguide also 
suffers from optical losses from imperfections of both the luminophores and the waveguide 
itself; these include a low luminophore quantum efficiency, self-absorption and cluster-induced 
scattering, bulk matrix absorption, poor light trapping and geometric defects-induced scattering. 
Photovoltaic (PV) cells can be attached on the sidewalls of the waveguide to collect the 
concentrated photons. Advanced designs for LSCs are reported, such as using wavelength-
selective mirrors to suppress the escape cone [15-18] and using aligned luminophores for 
anisotropic emission [19, 20].  
Thermodynamic limit of the concentration ratio (C) of LSC systems in terms of photon 





ℎ(𝜈 − 𝜈 )
𝑘𝑇
 (5.1) 
where h is the Planck’s constant, k is the Boltzmann constant, T is the temperature, ν1 and ν2 are 
the frequencies of the photons absorbed and emitted by the luminophores, respectively. It’s 
apparent from the equation that Stoke shift, defined as the difference in frequency between 
absorption and emission (ν1 - ν2), significantly influences the concentration ratio achieved by the 
concentrator—the larger the Stoke shift, more energy is sacrificed in favor of entropy, the higher 
the concentration ratio. Therefore, luminophores with large Stoke shifts and small overlaps of 
absorption and emission peaks are essential to achieving high concentration ratios.  
Thermodynamically, LSCs are no different from other single junction photovoltaics; i.e., 
the assumptions made by Shockley and Queisser can also be applied to the analysis of LSCs in 
the radiative limit [17, 23]. Yet the optical environment assumed for the concentrator and its 
interaction with the photovoltaic cell does complicate the matter. A detailed balance study 
predicts that a single-stage LSC using a spectrally selective surface mirror can demonstrate 
141 
 
efficiencies of up to 90% that of a full-area cell of equivalent size [24]. Therefore, single stage 
LSC PV system may not be able to beat state-of-the-art Si or GaAs cells for efficiency, 
especially in a context of continued decrease in material cost in the recent decade for the latter. 
Current interests in LSCs mainly concern applications for building-integrated PV, where 
windows modified with luminophores can simultaneously adjust indoor lighting and produce 
electricity from the coupled photovoltaics [25].  
 
5.2 Tandem LSC PV System 
Without the need for expansive tracking and lens/mirror optics, LSCs still remain a 
compelling case in its promise for low cost of production and operation, especially in 
conjunction with the use of III-V materials. With researchers from Caltech, UC Berkeley and 
NREL, we propose and work to construct a prototype LSC PV system, as shown in Figure 5.2(a). 
It distinguishes from the more traditional LSC systems by three innovations. One innovation is 
the use of a microcell array coplanar with the waveguide, such that a high-quality thin film can 
be made with minimal defects that are otherwise hard to avoid in thicker waveguides. Another 
innovation is the use of top and bottom wavelength-selective mirrors so that luminescence is 
designed to be completely trapped inside the waveguide to boost the concentration ratio. The 
third innovation is that the LSC system is operated in tandem with a standard Si solar cell 
stacked beneath it to make full use of the solar spectrum. The prototype is therefore a two-
junction four-terminal device with potentially high efficiencies and cost-effectiveness not 
commonly found in flat-plate photovoltaics.  
The working principle of the tandem device is shown in Figure 5.2(b). The embedded 
quantum dots (QDs) strongly absorb solar radiation below ~500 nm and reemit photons at ~630 
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nm. This concentrated luminescence can be absorbed by the coupled InGaP solar microcells with 
a band-edge at ~650 nm. The rest of the solar spectrum can transmit through the luminescent 
waveguide and get collected by the Si solar cell underneath it. Two photonic filters are used to 
further trap the luminescence within the waveguide, with their designed reflectance band shown 
in Figure 5.2(b). Figure 5.3 shows the projected efficiency of the tandem LSC device as 
compared with those of similar technologies. By incorporating optimized components, including 
near-unity photoluminescence quantum yield (PLQY) CdSe/Cd quantum dots, near-perfect 
photonic mirrors, high quality InGaP and Si cells and a low-loss PLMA waveguide, the tandem 
device is expected to yield an efficiency of 32.0% [26], on par with the 32.8% record efficiency 
of the full-area InGaP/Si tandem stack [27], with much less III-V materials used compared with 
the latter.  
Fabrication of the polymer waveguide follows from the well-established method 
developed in the Nuzzo research group [12-14]. In brief, the quantum dot luminophores are first 
dispersed homogenously in a lauryl methacrylate (LMA) monomer solution, which includes 
other mixing and cross-linking agents such as hexane and ethylene glycol dimethacrylate 
(EGDMA). Silica bead spacers are used to define a spatial separation (~30 µm) between a 
dummy cover glass and the waveguide substrate (on which solar microcells are already transfer-
printed). The QD-LMA solution is then injected into the inter-glass space and propagates across 
the surface of the substrate via capillary interaction. After UV-assisted radical polymerization 
and optional cover glass removal, an optically clear thin-film waveguide can be formed with 
high quantum yields.  
An optical cavity is used to investigate the performance of the waveguide, as shown in 
Figure 5.4. A hexagonal InGaP solar microcell measured ~600 µm laterally from one side to its 
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opposite is imbedded in a 1.5”x1.5” planar waveguide. The waveguide is then placed inside a 
white-powder-coated diffuse trench which reflects the luminescence from the back surface and 
the sides of the waveguide. To further trap the luminescence, a designer distributed Bragg 
reflector (DBR) is placed on top of the diffuse trench, reflecting luminescence up to a glancing 
angle of 80º [14]. Inside this optical cavity, the InGaP microcell can function as a detector with a 
minimum footprint. Figure 5.5 shows the optical and electrical characteristics of the InGaP 
detector. The DBR greatly enhances the light trapping as evidenced in the EQE characteristics. 
As expected, the concentration factor follows linearly with geometric gain. At full simulated 
solar flux exposure, the concentration ratio with respect to the concentrated blue photons (<500 
nm) achieves 39X, which is the record concentration ratio as far as we know.  
 
5.3 InGaP Microcell Array Integration 
Using a solar microcell as a photodetector is one thing, using an array of them to extract 
energy from the waveguide is another story. Figure 5.6 shows the photo-image of a 4”x4” LSC 
waveguide with an imbedded 3x3 InGaP microcell array. Electrical interconnection of printed 
array of this kind posts a few technical challenges, including the need to establish a process 
protocol to fabricate large-scale routing electrodes with microscale surface registry, and process 
steps that are chemically and mechanically compatible with a material system as complex as one 
encompassing III-Vs, polymer and hard dielectrics, glass ceramics and metals. Most importantly, 
the interconnection process should not compromise the optoelectrical performance of the 
microcells. In the rest of this chapter, I will discuss design rules and progress achieved so far to 
enable this kind of interconnect.  
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In partnership with our collaborators in NREL, we tried to rethink what a solar cell 
should look like in the luminescent matrix. A simplified epistack design is shown in Figure 5.7. 
Although it has a typical upright p-n junction structure as can be found in state-of-the-art InGaP 
designs, the epistack presents two custom designs that make it suitable for use in LSC system. 
One is the incorporation of a high bandgap transparent AlGaAs p++ lateral conduction layer 
(LCL), which essentially serves three functions: a) mechanical support during transfer-printing, 
b) absorption of back-reflected luminescence as shown in the cartoon in Figure 5.7 and c) photon 
recycling if both the InGaP external luminescence efficiency and the quality of the QD 
waveguide are good. A second innovation is the use of an AlInP epitaxial liftoff (ELO) layer 
instead of an otherwise more commonly adopted AlAs layer. The main advantage of the AlInP 
layer is the added opportunity to use hard dielectrics for chip encapsulation before ELO because 
AlInP allows the use of diluted HCl for selective etching against SiO2 or SiNx. On the other 
hand, more traditional approach using HF solution for AlAs removal is not compatible with most 
of the encapsulating dielectrics. In the following I will go over the fabrication steps towards a 
functional 5”x5” InGaP array prototype.  
 
5.3.1 Top Contact Metallization  
The epi wafer is first cleaved into a suitable size and then degreased by diluted 
ammonium hydroxide (NH4OH:H2O=1:10) for ~1 min. After cleaning with solvents (Acetone & 
IPA) and DI water the epi wafer is ready to process.  
Top contact metallization was most commonly done with E-beam evaporation in the lab 
environment, with exemplary metal stacks such as Cr/Au, Ni/Au Ti/Au and Ge-based alloyed 
contacts on n-type GaAs. This method, however, was heavily influenced by process history 
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(accidently contaminated surface, expired photoresist, etc.) and control over the E-beam chamber 
(vacuum, cleanness of chamber and metal sources). Therefore, inconsistent contact performances 
were obtained for different process runs, sometimes yielding an undesired rectifying contact 
rather than an ohmic one. Electroplating method, on the other hand, shows much better 
consistency and slightly better conductivity than the best e-beamed samples we’ve ever obtained. 
Figure 5.8 shows the contact resistivity obtained by transmission line method (TLM) with a two-
probe setup (In a much later experiment I found that a four-probe setup, which could more 
correctly represent the IV relationship, yielded results with resistivities 1-2 orders of magnitude 
lower).   
The sample is patterned with 3 µm thick AZ 5214 photoresist with open area designed for 
metallization. The backside and the sidewalls of the sample are also coated with painted AZ 
5214 photoresist and hard-baked in an oven at 110ºC for ~2 mins. The reverse action tweezer is 
used to connect the exposed surface of the sample to the external circuit for electroplating. The 
counter electrode for Ni bath is a pure Ni rod. Before plating, the Ni rod should be immersed in 
the plating solution for at least 20 min to strip the surface oxide. Au can be plated immediately 
after Ni. During the transition, the sample should be immersed in a water bath to avoid excess O2 
oxidation. The counter electrode used is a piece of silicon wafer sputter-coated with 200 nm of 
Au.  
n-contact Ni/Au (0.1/1 µm) recipe: 
Ni (250 mL Nickel Watts, Transene) ~100 nm 
Spin rate 300 rpm 
Temperature  55-60 ºC 
Current  -0.5 mA, 40s 
 Au (250 mL TSG-250 Sulfide Gold Plating solution) ~1 µm 
 Spin rate  300 rpm (with a larger spin bar) 
 Temperature  55-60 ºC 
 Current  -0.25 mA, 120s; 0.50 mA, 300s 
(the exact currents are dependent on mask designs) 
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5.3.2 Mesa Isolation 
 After top contact metallization, the individual active chips are defined by mesa wet-etch 
isolation. Etching chemistry of InGaP compound semiconductor is not a subject that is well 
reported and understood. RIE-based dry etching method is desirable for its ability to form 
vertical sidewalls, but not suitable for our purposes because the etch rate is highly material-
dependent and, at the same time, does not have satisfying material selectivity to form good etch-
stop; in addition, the process run time is long, and it’s hard to monitor the etch progress inside 
the RIE chamber. These drawbacks make it hard to establish a “master” recipe for different 
InGaP wafers we receive from our collaborator.  
 Wet etching method, however, is more efficient because it generally has much better 
material selectivity (good etch stop) and shorter process routine. But wet etching method also 
suffers from facet-related anisotropy and complicated solution kinetics, making the topological 
profile of the etched mesa not as good as the one achieved by dry etch. Figure 5.9 shows 
examples of the InGaP etched mesas generated by concentrated HCl (37%) and satiated Br/HBr 
(Br: sat. HBr-H2O = 1:100), respectively. HCl is known to be a very selective etchant for InGaP 
against GaAs material, but exhibits severe anisotropic etch in favor of facets along the device 
corners, as shown in Figure 5.9(a). This is especially bad for small devices (400 µm x 400 µm in 
this case) where material loss and damage can be too severe to ignore. On the other hand, 
bromine etch produces steep sidewalls with minimum anisotropy as shown in Figure 5.9(b). But 
bromine is a non-selective etchant and produces deep trenches along the mesa boundaries that 
could compromise the mechanical integrity of the LCL layer and at the same time form defects 
that could potentially hurt the device performance. Therefore, given their pros and cons, a 
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combination of the two wet etch methods is used: bromine etch is first performed to define and 
create the vertical sidewalls and then followed by HCl to remove the rest of the InGaP material.  
 
5.3.3 P-Contact Formation, LCL Etch and Cap Layer Removal 
 p-contact is formed in the same manner as the n-contact. Please refer to 5.3.1 for 
electroplating recipes.  
 AlGaAs LCL mesa etch is used to fully isolate the individual microcells. The etchant 
employed (H3PO4:H2O2:H2O = 1:13:12) is universally applicable to most of the arsenide-based 
compound materials. After the LCL etch, the GaAs cap layer can be etched in the same etchant; 
an optimized etchant (NH4OH:H2O2:H2O = 2:1:10), however, is believed to be more suitable for 
this process because it can protect the AlInP window layer from forming pits. Experimental tests, 
though, do not show observable difference between these two etchants in our case.  
 Thus far the devices are fully functional now. They can be tested prior to proceeding to 
the subsequent fab steps. Diagnostic structures, such as TLM patterns, are beneficial in pinning 
down a possible failure mode.  
 
5.3.4 SiNx Deposition and Etching 
 The devices need to be properly protected before going through the chemical and 
physical processes after transfer assembly. Unprotected devices consistently show lower Voc 
because of damages brought about during plasma and chemical treatments. Device protection 
can be done by a dielectric coating, either before or after transfer assembly. Physical evaporation 
and etching of dielectric materials such as SiO2 and SiNx are complicated and have to meet 
specific chamber and thermal requirements, which prove to be hard to realize in a large-scale 
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submodule after transfer assembly. Therefore, a layer of protection dielectric, SiNx, is chosen to 
be deposited on the sample prior to transfer assembly.  
 SiNx deposition recipe: 
 STS PECVD in MNTL cleanroom, JHE_MF 
 Temperature  239 ºC; 298 ºC 
 Time  28 min 
 Thickness  600 nm 
 After depositing the 600 nm SiNx layer, certain etch process need to be done to expose 
native contacts on the device. It can be done with wet method such as diluted HF solution. But 
the lateral dimension of the via is on the order of ~20 µm, with an aspect ratio too high to 
achieve with HF, especially considering bubble generation during the process. Therefore, a dry 
etch method is developed.  
  SiNx RIE etch recipe: 
 Plasma Freon RIE in MNTL cleanroom 
 Step Gas Flow (%) Pressure (mTorr) Time (min) 
 1 CF4 70  35   2.5 
 2 O2 50  50   2 
 3 CF4 70  35   2.5 
4 O2 50  50   2 
5 CF4 70  35   1 
CF4 is the active material used to etch away SiNx, while O2 is used to remove the 
fluorocarbon polymer generated by the reaction between CF4 and the photoresist mask.  
 
5.3.5 Secondary Metal Deposition  
  Now the native contacts on the device are exposed through the etched vias on the SiNx 
layer. An additional metal layer covering all the open vias is incorporated to serve two 
functions—one is to further seal the interface between SiNx and Au to prevent any etchant 
leaking into the III-V mesa during the ELO process; the other is to slightly expand the contact 
area to increase the alignment error tolerance and assist in sidewall routing in the final 
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interconnection step on the large substrate. This can be easily done with sputtering Cr/Au 
(30/200 nm). The finalized device at his stage is shown in Figure 5.10. 
 Figure 5.11 shows the device performance before and after deposition of nitride and 
secondary contacts. Up to 40 minutes of 300 ºC thermal treatment during nitride deposition 
process does not compromise the device Voc and FF, which can be attributed to the thick Ni layer 
(~100 nm) that effectively serves as a good diffusion barrier to prevent undesired alloying of Au 
and As. In the low voltage regime (0.6-1 V) known to be dominated by the rectifying behavior 
characteristic of recombination events, cells with SiNx show a lower dark current, demonstrating 
that the SiNx layer also passivates the III-V surface to reduce surface defect sites.  
 
5.3.6 Double Mesa and Epitaxial Liftoff  
 To facilitate release of microcells after ELO, an additional mesa structure, which is ~10 
µm wider than the LCL mesa from each side, is formed on the AlInP ELO layer as shown in 
Figure 5.12(a). It can be easily done with concentrated HCl with AZ 5214 photomasks.  
  After forming the double mesa structure, a layer of AZ 5214 photoresist is formed on the 
individual microcells, followed by hard bake at 125 ºC for ~2 min. The photoresist layer protects 
the cell from ELO etchant and anchors the cell on the donor wafer.  
 The sample is then immersed in the diluted HCl solution for ELO (HCl:H2O = 1:5 or 
HCl:H2O:EtOH = 1:4:1 for better bubble control). Figure 5.12(b) and (c) shows the uniform 
propagation of etch fronts (at a lateral rate of 25 µm/hr), which meet at the center of the device 
after ~13 hours and finalize the process. The diluted HCl etchant shows almost perfect selectivity 




5.3.7 Transfer Printing  
 Once the devices on the donor wafer are fully lifted off, they are ready for transfer-
assembly. A gorilla glass substrate (4"x4", 0.022" thick) is e-beamed with 30 nm Cr patterns for 
alignment and printing markings, as shown in Figure 5.13. The reason why Cr is being used is 
that after substrate priming, the glass can go through routine Piranha cleaning without its patterns 
being washed off. The cleaned substrate with Cr markings is then coated with a 20 nm thick 
composite SOG (cSOG) adhesive [28] by spin-coating. The adhesive is a mixture of “sticky” 
polymers, which can greatly promote adhesion control during transfer printing, and SOG, which 
affords a certain level of chemical and mechanical robustness hard to achieve with a purely 
organic polymer system. The adhesive is slightly absorbing in longer wavelengths; but the total 
absorption can be very weak since the thickness is sufficiently small. Figure 5.14 shows the 
comparison of transmission between 20 nm cSOG and 3 µm NOA, both coated on glass 
substrates. A 5x5 InGaP microcell array, therefore, can be printed onto the substrate using the 
transfer-printing instrument (Large Transfer Printer) in the MNMS cleanroom. After printing, the 
adhesive is cured by hardbake at 110ºC for 1 hour, overnight UV exposure for ~8 hours, and 
final hardbake at 110ºC for 1 hour. Photoresist on the microcells can now be rinsed away with 
solvents (acetone and IPA).  
 
5.3.8 SU-8 Sidewall Encapsulation  
 The devices printed on the glass substrate are, in principle, electrically protected by the 
topmost SiNx layer, i.e., except for the secondary electrodes, the III-V material is fully “buried” 
by the nitride and the microcells are ready for the final metallization step. But mechanical stress 
on the cell during transfer printing may break certain parts of the nitride, especially on the device 
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corners. Therefore, additional sidewall encapsulation is needed to prevent shorting the device. 
This can be done with a 2 µm SU-8 layer.  
 SU-8 2002 sidewall encapsulation recipe: 
 Spin coat 3000 rpm, 30s 
 Softbake 90ºC, 2 min 
 Exposure 9 mJ/cm2, 8s 
 PEB  90ºC, 1 min 
 Develop 1 min 
It’s worth noting that after photo and thermal curing, the cSOG surface is very inert and 
its adhesion with SU-8 is usually very week. To promote adhesion, aggressive O2 plasma 
treatment (1kW 5 min at Diener Plasma Descum System in MNTL cleanroom) is necessary.  
 
5.3.9 TiW/Cu Seed Layer Deposition  
 At this stage the sample is ready for bus-level interconnection. For a 5x5 array prototype, 
microns thick routing electrodes are necessary to reduce series resistance to minimum. Physical 
vapor deposition such as sputtering may be a well-established method but is not economically 
viable for microns-thick thin film, let alone the difficulty of strain control at this thickness 
regime. Cu electroplating, on the other hand, presents an effective and economical alternative. 
Since electroplating requires a conductive surface rather than the insulating one as is the current 
state of the sample, a seed layer is needed. Here TiW/Cu (50nm/200nm) seed layer is employed. 
The TiW alloy, as an adhesion and barrier layer to Cu,  is deposited by sputtering the 90 wt% 
TiW source target in AJA2 sputter in MRL. The first 10 nm is sputtered at 100W, and the rest 40 
nm is sputtered at 200W. The sputter information is shown below (the chemical composition is 
investigated by elemental analysis via SEM).  
 Power (W) Rate (A/s) Ti wt% W wt% Adhesion on glass 
 100  0.6  --  --  good 
 150   0.8  11.0  89.0  poor 
 200   1.1  11.0   89.0  poor 
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 250  1.5  8.99  91.0  poor 
After TiW deposition, 200 nm Cu is directly deposited on the substrate in the same 
chamber.  
 
5.3.10 Cu Electroplating  
 Commercial Cu plating solution (Copper Plating Acid Type, Transene) is found to be too 
acidic and not appropriate for the sample developed here, where fine routing electrodes (10 µm  
thick, 50 µm wide) can be constantly etched away if left in the plating bath. A custom-made 
plating solution is used here, with its recipe for a 1 litter solution shown below: 
 H2O   900 mL 
 CuSO4*5H2O  100 g 
 H2SO4   54 mL 
 HCl   136 µL 
One nice feature of this plating bath is that the seeded copper is not etched for an extended 
period of time (hours), allowing for better experimental control.  
 The glass sample is pattern with AZ 5214 photoresist to define the plated area, followed 
by a brief hardbake at 110ºC for ~2 minutes. A large meshed copper counter electrode (4”x4”) is 
used for uniform field distribution. The following recipe, optimized for a currently density of 20 
mA/cm2,  is used to electro-deposit ~10 µm thick Cu routing electrodes: 
 Spin rate  500 rpm 
 Temperature RT (~22 ºC) 
 Current -0.05 A 
 Time   900 s 
The grain size of the plated copper, as shown in Figure 5.16(a), is on the order of 1 µm, which is 
larger than the sputtered Cu (on the order of 100-200 nm). A large grain size leads to lower 
resistivity; this is manifest in Figure 5.16 (b), where the plated copper has the resistivity very 
close to the bulk cupper, and far better than the sputtered one. Figure 5.16(c) shows the photo-
image of the plating station setup.  
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5.3.11 Seed Layer Etch Back 
 After plating, the photoresist can be stripped away by solvents (acetone and IPA). The 
top 200 nm copper seed layer can be etched away with diluted FeCl3 solution. Special caution 
should be used here since too concentrated FeCl3 would result in a high etch rate that could 
potentially over etch the plated copper. The 50 nm TiW seed layer can be etched with a 
commercial TiW etchant (Ti-Tungsten TiW-30 etchant, Transene) or just concentrated H2O2. It’s 
worth noting that the cSOG adhesive layer can withstand long H2O2 etch without 
degradation/delamination, which is usually not the case for purely organic adhesive, such as 
NOA.  
 
5.3.12 The 5x5 Interconnected InGaP Microcell Prototype 
 The finalized device following the unoptimized process flow is shown in Figure 5.17(a). 
The I-V characteristics of a 5x4 subcircuit is shown in Figure 5.17(b) and (c) (one microcell is 
accidently damaged and shorted during the characterization, therefore a full 5x5 circuit property 
is not shown here). The array maintains almost identical electrical properties as the unintegrated 
microcells, showing that the bus-level interconnection process developed here is robust and 
fullfills our goals set forth for this project. The 5x5 array is assembled into a light trapping 
submodule as shown in Figure 5.18 and going through optical characterization. The results are 
beyond the scope of this thesis.  
 
5.4 Future Directions  
 The fabrication and integration processes developed for the prototype array as detailed in 
Chapter 5.3 are only at their very preliminary stages. Iterations between the design team and the 
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fabrication team will morph the processes into their more mature shapes and deliver prototypes 
with properties closely match our expectations. There are a few points I want to address for 
future efforts for this tandem LSC project.  
 More advanced material systems should be developed to enable more advanced 
waveguide properties. These include, for example, low-absorption adhesive materials for transfer 
printing. The material should maintain high transparency throughout the visible and near infrared 
bands to support high concentration ratios designed for the waveguide. At the same time, it 
should have high tackiness and mechanical strength prior to curing in order to facilitate a fully 
automated transfer printing operation, and have strong chemical resistance after curing to 
withstand the harsh processing conditions during bus-level interconnection, especially in wet 
metal etch back. Other material systems, such as a more robust and reproducible dielectrics-
compatible ELO process for III-V, an antireflection coating scheme on the backside of the 
upright bifacial InGaP microcells and possibly epoxy-based waveguide matrix materials for 
better outdoor durability.  
 The current interconnection scheme relies on large-scale high precision alignment which 
is hard to scale up beyond a 4”x4” prototype. A more scalable process, which exploits a two-
stage interconnection concept, is proposed in Figure 5.19. The microcells are first printed in a 
dense array on a carrier glass wafer using existing techniques as already demonstrated in Chapter 
5.3. The purpose of this step is to use high-precision tools to establish external contacts to the 
fine contacts on the microcells. These external contacts have large metallic pads that allow for 
subsequent metallization steps using tools with lower alignment precision and higher cost-
effectiveness. Then the individual microcells with the carrier glass are diced into dies with lateral 
dimensions on the order of ~1 mm. These dies can be released (thermally, if thermal release 
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tapes are used) and transfer assembled on a final module substrate with much larger dimensions 
than the carrier glass wafer. At this stage, low-precision metallization methods can be used to 
electrically communicate the microcells, such as screen printing (~50 µm error), instead of 
photolithography that could dramatically complicate the process. Using this two-stage scheme, 
the microcell array is “magnified” in scale successively with appropriate tools, allowing for 
larger throughput and better fail-proof control than the “one-stage” method described in Chapter 
5.3. More importantly, by separating the final substrate from the chemically complex 
photolithographic steps, the substrate can employ high quality optical materials not necessarily 
restricted by limitations imposed by the microfab processing; for example, high transparency 
optical adhesives can be used in the final substrate without needing to fulfill certain chemical 
requirements such as high solvent resistivity and high surface energy. 
 Better luminophores and spectrally selective mirror design are also critical in achieving 
LSC waveguides with practical values. A system level appraisal of the tandem LSC prototype is 






5.5 Figures  
 






Figure 5.2 (a) Schematics of prototype tandem luminescent solar concentrator photovoltaic 
system based on InGaP solar microcell and Si full area solar cell. Working principle of (b) the 







Figure 5.3 Projected efficiency of the tandem LSC device as compared with those of similar 





























Figure 5.8 Electroplated Ni/Au (0.1/1 µm) contact resistivity on GaAs n-contact layer. Results 
were obtained via TLM measurements with a two-probe setup. A four-probe setup, which could 
more correctly represent the IV relationship, potentially yields results with resistivities 1-2 orders 











































Figure 5.15 Calculated Cu routing metal electrode resistance as a function of thickness, 


















Figure 5.18 The assembled light trapping submodule. (Courtesy of David Needell and Harry 
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